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Cover design by Phil Montella, RCA Automated Systems

Our cover shows RCA technologies that span the electro-
optics spectrum from the infrared, through the visible to the
ultraviolet wavelengths. Depicted technologies are the
infrared-camera system from RCA Laboratories and RCA
Automated Systems, developed to use the infrared charge-
coupled-device staring focal-plane array; the optical video
disc system, from RCA Laboratories and Government Systems
Division's Advanced Technology Laboratories, that uses
argon laser light for ultra-high data rate, high-density-storage
applications; and photomultiplier tubes (C31000 and
C31000M), from Solid State Division, that are sensitive in the
ultraviolet end of the spectrum.

People throughout the Corporation contributed their re-
sources to this cover, including: Automated Systems’ Ken
Paim, Paul Seeley, Dale Sherman, Charlie Morrissey, and
John Phillips; Britt Bailey (New York); Don Reed and Jim
O'Brien (Lancaster); Don Norton (Cherry Hill); and Ed Masters
(Camden).
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C. David Decker

Electro-optics:
Insight into the future

The union of optics, quantum physics, and electronics known generi-
cally as electro-optics is one of the most active and fruitful areas of
modern research and development. In the twenty-two years since the
first laser was demonstrated, the development of coherent optical
sources has spawned a vast array of new applications.

Since laser sources can be focused to spot sizes corresponding to
the wavelength of light, high-density digital optical-disc memories are
possible. Wide-bandwidth low-loss optical fibers are a reality and,
together with solid-state semiconductor lasers and photodetectors,
they make possible high-capacity optical-communications links pos-
sessing great protection against electromagnetic interference.
Materials with certain nonlinear optical properties can switch states in
10“to 10* seconds—far faster than pure electronic processes.
Devices based upon optical bistability may in the future permit all-opti-
cal logic and data processing.

Continued development of both passive and active electro-optical
sensor systems is making possible new capabilities in imaging sys-
tems and remote detection devices. “Active” laser radar, or lidar, sys-
tems based upon Raman scattering or differential absorption are being
developed for satellite operation. “Passive” infrared detector arrays are
being incorporated into camera systems for a multitude of applications.

The entire RCA community can take great pride in our past contribu-
tions to this highly competitive field. The articles in this issue are a
sampling of some of the current efforts in electro-optics. The future of
RCA rests on the development and exploitation of disciplines like
electro-optics, to discover the wonders of nature and to apply these
discoveries in creative ways to satisfy human needs.

Q. vl Dober__

C. David Decker
Director, Advanced Technology Laboratories
Government Systems Division
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in this issue ...
electro-optics

® Ettenberg: “The common link between the systems and devices
described in this issue is not only that they use light to produce individ-
ual systems superior to their magnetic or electronic counterparts, but
that they provide an integrated system of information storage and
retrieval.”

@ Botez: “Diode lasers have come a long way since their discovery
two decades ago.”

| Bartolini: “The development of the high-power single-mode diode
laser and compatible optical recording media has increased the
probability of an optical disc product in the mid-1980s time frame.”

® Ainsbury: “RCA Systems Services tendered for a Ministry of Defense
contract to design and install a fiber-optic communications system, to
link computers in three separate buildings.”

@ Ammon/Reno: “The high storage densities associated with
diffraction-limited optical systems provide a cost per recorded bit that is
an order-of-magnitude lower than with any other media."”

® Altman, et al.: “Remote sensing by lidars makes possible many important
measurements that cannot be adequately carried out by presently used
passive sensors.”

.

n-GaAs
*ALl'GaAs

=

® Kosonocky, et al.: “The monolithic Schottky-barrier IR-CCD focal-
plane arrays represent the only infrared array technology that is
compatible with standard IC processing.”

@ Klein, et al.: “The sensor has successfully demonstrated that it can
‘see’ through smoke, haze and dust.”

| Cantella: “Theoretically and experimentally demonstrated characteris-
tics of Schottky-barrier focal-plane arrays indicate great potential for
Government and commercial applications.”

@ Warren, et al.: “The high yield and maturity of this silicon-based
technology may make it the only viable choice for the next generation
of NASA earth-resource satellites.”

8 Neuhauser: “In 1981, RCA entered into its first venture in Saticon-
tube manufacture when it developed the 13-mm (1/2-in) Hawkeye
camera tube—the BC4398.”

® Aran: “The first-generation electro-optical multiplexer developed for
the U.S. Army Night Vision Laboratory formed the basis for a low-power,
miniaturized, high-performance TV sensor.”

® Webb/Mcintyre: “One advantage of the reach-through avalanche
photodiode structure is that it can be made with a high quantum
efficiency for wavelengths ranging from the near ultraviolet to beyond
one micron.”
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M. Ettenberg

Some of the new optoelectronic systems

A plethora of imaging devices, coupled with the microcomputer
revolution, has created a need for very large data- and image-
communications and storage systems.

Abstract: This article describes some of
the new optoelectronic systems RCA is
developing. Described in some detail—
their operation, limitations, competition,
and commercial and research status—are
optical recording and fiber-optical
communications.

A major portion of RCA’s businesses
involves optoelectronics, which may

broadly be defined as the conversion of

electronic energy into light energy or back
again. This introductory article deals with
solid-state devices and systems that employ
this conversion, and therefore omits con-
ventional television. Instead. it emphasizes
some of the newer devices and systems
that are going to become large military
and commercial businesses within the next
few years. These systems and their appli-
cations, discussed in this issue of the RCA
Engineer, include fiber-optical communi-
cations, optical disc recording. and imag-
ing by means of detector arrays and rang-
ing. Also, authors of independent articles
discuss two of the more important de-
vices—high-power diode lasers and avalanche
photodetectors—that are the newest and
key ingredients for these coming systems.
The driving force creating this new tech-
nology is the demand for systems with
greater sensitivity, speed. and reliability at
lower cost and with some functions not
heretofore achievable.

m RCA Corporation

Final manuscript received March 9, 1982.
Reprint RE-27-3-1

Imaging detector arrays

The switch from vacuum tubes and mech-
anically scanned linear arrays to CCD
(charge-coupled device) focal plane arrays
for imaging was obviously a step in that
direction. A focal plane array is a two-
dimensional array of detectors set in the
focused plane of an optical system (film
in a camera is located in the focused plane
of that optical system). The CCD allows
the collected charges (electrons generated
by the light) in the detectors to be trans-
ferred to collector lines along the peri-
phery of the device, replacing wire pairs
that would otherwise be required for each
of the thousands of detectors. This devel-
opment was a natural combination of
VLSI and detector technology: its success
depended on the fine control of silicon
and its processing steps to create a large-
area device containing tens of thousands
of individual devices. Each device not only
works as it must in an integrated circuit,
but it must operate with the uniform lin-
ear analog properties of a detector. Unlike
integrated circuits for digital applications,
where the circuit element is either on or
off (1 or 0). the detector element in a
CCD array must transfer a charge pro-
portional to the impinging light intensity.
Inexpensive solid-state imaging devices
sensitive to the visible and infrared wave-
lengths allow us not only to sense but to
reproduce images of both moving and
stationary objects. Moreover, solid-state
devices can operate in environments other-
wise inaccessible to vacuum imaging

tubes because of tube size, cost, or
reliability.

The availability of a plethora of imag-
ing devices. coupled with a microcompu-
ter revolution that places very large pro-
cessing power at everybody's fingertips.
has created a nced for large data- and
image-communications and storage sys-
tems. For example. a digitized color tele-
vision channel communicates over 200
Mbits/s and requires a storage medium
with a terabit (10" bits) of capacity for
one hour of such information. This need
can, and will, be satisfied by optical fiber
communications and optical disc
recording. In this article, I discuss op-
tical fiber and optical disc technologies:
how they work, their limitations, the com-
petition, and the commercial and research
status.

Optical fiber technologies

In essence, optical fiber communication is
simple: Signals are sent through a trans-
parent glass or plastic fiber by turning a
light on and off and detecting the light's
presence at the other end of the fiber.
This system operates best digitally because
of the nonlinearity between the electrical
signal input and the light-source intensity.
Frequency-modulated (FM) signals can
also be transmitted by modulating the
length of time the light is on. The fibers
are thin (about the thickness of a human
hair) to conserve the relatively costly pure
silicon dioxide (Si0,) from which they are

RCA Engineer o 27-3 o May/June 1982




The ultimate storage medium. On a single 12-inch disc, the
entire Encyclopaedia Britannica or 50,000 still photographs can
be recorded and stored for instant access. To make an optical
disc recording, a bright beam of laser light is focused onto a
spinning disc, melting a pattern of tiny “pits” in the disc material

made and because the fatter the fiber. the
more the light pulse spreads as it travels
in the fiber. This spreading or pulse dis-
persion arises when light reflects at var-
ious angles along the fiber so that. within
the same fiber length. light reflecting at
relatively large angles (higher-order modes)
takes longer to arrive at the detector at
the other end than light traveling at lower
angles or going straight through (lower-
order or fundamental mode

The ultimate fiber systems. which are
not yet commercially available. use
single-mode fibers whose light-carrying
core is only about one wavelength wide
(~4 um). In a single-mode fiber the light
can travel only straight through. and no
light-pulse broadening occurs. Many gig-
abits/second (10° bits/s) can be transmit-
ted over tens of kilometers with such fi-

bers. Ot course. coupling light from a
source and connecting such fibers are ex-
tremely difficult mechanical tasks and thus

the common commercial application of

single-mode fiber systems is still in the
future.

Solid-state light sources and detectors
were being developed before the advent
of low-loss fibers, but compatible size and
reliability made them natural partners. De-
tectors. primarily silicon devices. are of
two types: pin and avalanche. In a pin
detector. light is transformed into elec-
trons. as in a solar cell. A bias of a few
volts is applied to help speed up the elec-
tron removal. The avalanche detector. the
ultimate solid-state detector. is operated
with a high bias. The high electric field
within the detector causes electrons created
by photons to bang into other electrons.

Ettenberg: Some of the new optoelectronic systems

The recorded information is played back not with a diamond
stylus, but with a weaker beam from the same laser. Such fac-
tors as the minuteness of the recorded bytes, and a turntable
speed of 1,800 rpm, allow for at least 100 times the storage
capacity of magnetic tape

creating a multiplication of electrons. and
thereby achieving internal gain. Such de-
tectors are almost ideal and can detect
photons nearly down to the one-photon
level. Both detector types are quite sensi-
tive and. depending on the data rate. can
accurately determine the presence of a
pulse with nanowatts of hght power and
at pulse lengths of a nanosecond (107 s)
or less. The limitation of the avalanche
detector is that it requires more expensive
and complicated circuitry that accurately
maintains relatively high voltages (100 (o
300 V) and that must track the avalanche
voltage region with temperature

Light sources also come in two types.
LEDs or diode lasers. LEDs can couple
about 100 uW or so into a fiber: lasers
can couple many milliwatts into the fiber.
Both LEDs and lasers are diodes of 111-V

(3]
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Fig. 1. Total systems concept for the future use of optical components in broadcast
studios or offices (the studio would not need a printer).

(GaAs. AlGaAs. InGaAsP. InP) channel
compounds that, when forward biased.
create photons. The driving clectronics for
these sources are somewhat complicated.
and current-controlled rather than com-
mon-voltage-source circuitry must be em-
ploved due to the LED's or laser's diode-
type current-voltage relationship. In ad-
dition, diode lasers have a threshold cur-
rent so that the driving circuitry must not
only be current controlled but must also
provide a modulated current containing
the information signal, riding on a de-
current bias that just exceeds the thresh-
old. Finally. the threshold current of diode
lasers are temperature sensitive so that
feedback- or temperature-control circuitry
is required. Because of their high light
intensity, only diode lasers can couple
enough light to be useful for single-mode
fibers: and because of their narrow spec-
trum width (potentially much less than |
angstrom versus 300 angstroms to 1000
angstroms for an LED) and fast switch-
ing capability (less than 1 nanosecond ver-
sus a few nanoseconds for an LED), only
lasers can be employed for systems oper-
ating at data rates exceeding 100 Mbits/s.
The spectral width of the source is impor-
tant because of light-pulse-width broaden-
ing in the fiber. This effect is called wave-
length or material dispersion, since dif-
ferent wavelengths “see™ different indices
in Si0O, and thus travel at different ve-
locities within the fiber.

Finally, 10 complicate the situation,
fiber-optics applications exist in two wave-
length regimes: one at approximately 0.8
um, which uses (AlGa)As light sources

and Si detectors; and one in the 1.3- to
1.6-um regime, where emitters and de-
tectors are made of the I1I-V compound
InGaAsP. Although the (AlGa)As-source
and Si-detector combination at 0.8 um
was developed first, improvements in fiber
purity have allowed lower losses at the
longer wavelengths. For example, at 1.55
um, fiber losses of only 0.2 dB/km have
been achieved. In such fibers, the light is
not yet diminished 3 dB (half intensity)
after a 10-km run. Such low losses allow
for repeaterless runs exceeding 100 km.
Sources at various wavelengths within the
wide spectral window of the fibers also
permit wavelength multiplexing within the
same fiber. Wavelength multiplexing is po-
tentially a powerful tool allowing simul-
tancous, multiple high-bandwidth channels
to flow down the same fiber without the
need for even faster multiplexing electron-
ics. This expensive and power-consuming
clectronics is replaced with simple light
sources at various wavelengths and with
filters in front of the detectors.
Fiber-optics-based systems compete now
with metal-coaxial-cable-based systems and
in the future, when costs are further
reduced. they will compete even with
twisted-pair systems. Fiber optics is a more
complicated system than coaxial cable due
to the addition of active optoelectronic
components at the ends. In addition, con-
nectors and taps are not fully developed
and require more mechanical precision
than their coaxial counterparts. However,
fiber-optics systems are immune to elec-
tromagnetic interference and radiofre-
quency interference, provide electrical iso-

lation and. because of their low leakage
loss. are relatively secure from tapping.
Because they are small in diameter and
have low leakage. many fibers can be
placed in a single cable without cross talk.
These features are important for many
applications, but the major reasons that
fiber optics will dominate the cable com-
munications field is their broad bandwidth
and low loss. Current commercial multi-
mode fiber-optic links have a bandwidth-
distance product of a GHz-km or better,
with losses as low as | dB/km, while single-
mode fiber can have distance-bandwidth
products 100-times larger with even lower
losses. The ultimate bandwidth of fiber-
optics systems is limited only by the fre-
quency of light. approximately 10" Hz/s
(~1-billion telephone circuits).

Optical disc technologies

The basic principles of optical disc re-
cording systems are also simple. The sys-
tem uses conventional microscope optics
to focus a laser spot and create a mark on
a rotating disc surface. This mark can be
read later by the same or similar laser at
lower power. Again. we require a light
source and detector. Because the system
is larger, we can afford to employ a large
helium-neon or argon laser but the solid-
state (AlGa)As diode laser is the pre-
ferred source. Silicon avalanche or pin
diodes are the detector elements. The small-
est bit element (usually a melted pit on
the disc surface) is basically set by the dif-
fraction-limiting resolution of the light. of
the order of 0.5 um, so that 2 X 10°
bits/cm can be recorded along a track at
a density of greater than 10® bits/cm?
(more than 10" bits for a 30-cm-diameter
disc). If we spin a 30-cm disc at 30 rps.
then a data rate of approximately 50
Mbits/s is achieved. In addition, anyone
who has looked through a microscope
knows that the field of view is many hun-
dreds of micrometers so that multiple
spots can be observed and/or recorded at
one time. Multichannel recorders are being
developed (as discussed in this issue) with
the same optics as in the single-channel
modes but with individually addressable
lincar arrays of light sources and detec-
tors. For a system which uses a high-
power argon-laser light source. this means
scparating the one beam into multiple
paths by diffraction and then sending the
multiple beams through a multichannel
acousto-optic modulator. For diode la-
sers. multichannel recording can be done
by employing an array of individually ad-
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dressed diode lasers, and progress toward
such an array is being made. Arrays of up
to 20 devices imaged through the same
optics are reasonable. and gigabit/s (10°
bit/s) recorders are now in the design
stage.

The optical disc medium consists of a
flat plate of aluminum. glass, or plastic
on which a thin coating (a few hundred
angstroms) or multilaver coatings of or-
ganic, inorganic, or metallic matenals are
applied. The coatings are designed to melt,
blister, or vaporize when approximately
10 mW of laser power is focused into a
l-um spot on their surface (the tempera-
ture reaches approximately 1000°C when
the laser is writing, depending somewhat
on the power directed into the spot and
the heat loss in the media). Due to losses
in the optics. 20 to 40 mW is required at
the source. The hole or bubble is a per-
manent mark that can be read at a much
fower power level (approximately 1 mW).
The approximately 10-mW recording level
is required because the recording-laver
matenals are stable at room temperature
and. more important, at the ~I-mW read-
out power levels that may heat the dise
locally to about 100°C. The use of mag-
neto-optic effects or crystalline-to-amor-
phous phase changes also makes erasable
recording possible.

Because of the thinness and the rela-
tively low melting points (for good sensi-
tivity) of the films forming the active
media. the disc shelf life with respect to
corrosion or other similar degradation is
still a problem and an active arca of
development.

Today. optical discs have recording den-
sities and per-track data rates approxi-
mately 100 times that of the highest-den-
sity magnetic-disc recorders. To record and
read back such small spot sizes, the lens
must focus on the disc and the particular
track within the tolerance of the pit size,
which is about 0.5 um. This focusing is
done by active servos. that is, a voice coil
for the focus lens and a galvonometer
mirror for the spot mirror. In the case of
magnetic recording, the density s
achieved by direct mechanical tolerances
and flying heads almost in contact with
the disc. Due to these close mechanical
spacings and tolerances, the high-density
magnetic discs are not removable and must
be scaled m the so-called Winchester con-
figuration to exclude dust. Dust in the
optical system can be kept out of focus
by applving an overcoat to the disc
surface.

Although magnetic-disc-based systems

A processed 3-inch silicon wafer and a packaged 64- by 128-element IR-CCD array chip.

could theoretically approach optical re-
cording speeds and densities. the increased
mechanical complexity and the restrictions
on the disc materials and preparative tech-
niques to produce mechanically smooth
and defect-free magnetic dises at the re-
quired density tavor the optical technigue
for very-high-data-rate. high-density stor-
age. In addition, the permanenee, remov-
ability. case of handling, storing and trans-

porting. as well as lower ultimate cost of

optical-disc recordings have attracted most
major computer and clectronic companies
to start developing such svstems. Detailed
descriptions of RCA eftorts in this area.
where we are a technical leader. are in-
cluded in this issue.

The common link between the systems
and devices described in this issue is not
only that they use light to produce indi-
vidual systemis superior to their magnetic
or clectronic counterparts. but that they
provide an integrated system of informa-
tion storage and retrieval. A CCD solid-
state camera for information input. to-
gether with a fiber-optic connection to the
optical disc recorder (whose stored in-
formation can then be printed out on a
laser printer connected by a fiber-optic
link). describes the key clements of the
oftice of the future without letters, memos,
or filing cabinets.

Michael Ettenberg is Head, Optoelectronics
Devices and Systems Research Group, at
RCA Laboratories. He joined the Laborato-
ries in 1969, and has made major contribu-
tions in the area of lil-V compound synthe-
sis and devices. In the area of material
synthesis, he was codeveloper of the multi-
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bin fiquid-phase epitaxial technique used
widely for the growth of multiple-layer
hetergjunction structures. He has made im-
portani contributions to the development of
cw injection lasers, which include studies
leading to the reductions in laser threshold
and the development of dielectric facet coat-
ings. His work on the reliability of laser
diodes has included high-temperature de-
gradation studies, reduction of mirror dam-
age by facet coating, the study of the effect
of growth conditions on long-ferm operat-
ing reliabitity, and some of the first studies
of refiabitity in long-wavelength electro-
luminescent devices. This research has
been instrumentat in making possible very
long-lived LEDs and cw laser diodes for
optical communications. He has authored
or coauthored more than 90 papers on his
work.

Contact him at:

RCA Laboratories

Princeton, N.J.

TACNET: 226-3149




D. Botez

Single-mode diode lasers
for systems-oriented applications

Single-mode diode lasers are compact, easy-to-modulate light
sources for a vast array of applications. RCA has pioneered
semiconductor laser research, and now has developed the
most powerful single-mode continuous-wave (cw) diode in the
world, the constricted double-heterojunction large-optical-

cavity (CDH-LOC) laser.

Abstract: This paper discusses the var-
ious ways of achieving single-mode stabili-
zation in diode lasers. Both low-power and
high-power devices are presented and dis-
cussed with relation to their use in systems
applications such as optical recording and
optical communications. Emphasis is

placed on the operational characieristics of

the CDH-1.0C laser, an RCA product
unmaiched in high-power capability.

Evcr since their discovery in 1962, semi-
conductor diode lasers have been thought

of as ideal light sources for a multitude of

applications, because of their small size
and case of modulation when compared
to gas lasers. The realization of hetero-
junction devices' and proofs of reliable
and long-lived continuous-wave (¢w) oper-
ation® (1976-1980) have paved the way
toward the use of diode lasers in systems-
oriented applications. The simplest ¢cw
diode lasers are composed of a mult-
lavered planar geometry with an oxide-
defined stripe for current confinement
(Fig. la). When the diode is forward bi-
ased. carriers are injected from p- and n-
type layers into a recombination region
where they recombine to give light. Sum-
ulated recombination and cleaved-end mir-
rors provide light amplification in a
resonator. Lasing action occurs when
enough carriers are injected to provide

€1982 RCA Corporation
Final manuscript received February 26, 1982
Reprint RE-27-3-2

the clectronic gain needed to overcome
the cavity's internal and external losses.

For cw operation at room temperature,
low lasing-threshold currents are required,
which implies a thin recombination region.
In turn. the lasing transverse spot size—
which is rather small (0.5 to 1 ym)—pro-
vides a divergent beam of 30° 1o 40° full-
width half-power (FWHP) in the plane
perpendicular to the junction. In the plane
of the junction, hght confinement is con-
trolled by the current flow. and thus the
lasing spot is comparable in size to the
stripe-contact width. The laser emission is
then elliptical (Fig. la) with typical trans-
verse and lateral beamwidths, at half power.
of 40° and 10°, respectively.

The emitting area on the cleaved facet
is defined by the built-in diclectric profile:
the emitted light can therefore be thought
of as an optical mode of a two-dimen-
sional diclectric waveguide. For use in
systems it is important that a single
Gaussian-like beam be obtained at all
drive levels of interest (that is. stable fun-
damental optical-mode operation). In real-
itv. stripe-geometry devices, with a few
exceptions, generally have an unstable op-
tical mode,

Serious efforts tor diode-laser mode
stabilization were started in the late 1970s.°
The basic thrust was to achieve lasers that
will operate in a stable fundamental spa-
tial mode to a specified output-power level.
With spatial stabilization, it was found
that c¢w oscillation in a single mode in
frequency can be obtained as well. That

is. the laser oscillates in only one mode of

the lasing cavity composed of mirror facets
and the two-dimensional built-in dielec-
tric waveguide. Such “single-mode™ devi-
ces are a definite requirement for long-
distance high-data-rate optical communi-
cations and other applications such as fiber
sensors. holographic printing, and guided-
wave signal processing.

Our discussion will cover both single-
frequency lasers as well as devices that
operate in a stable. single spatial mode.
The latter category includes: low-power
(3-10 5-mW/facet) lasers for short, low-
data-rate optical communication links and.
especially. high-power  (15- to 50-mW/
facet) lasers for optical recording. single-
and multimode-fiber data-distribution sys-
tems, analog signal transmission, high-
speed printing, and space communications.

We shall treat primarily aluminum gal-
lium arsenide (A1GaAs) single-mode de-
vices (0.75- to (0.9-um emission region) as
they cover very large potential markets:
optical recording. short high-data-rate op-
tical links (for example, computer net-
works). data-bus distribution systems, print-
mg and space communications. The other
class of commercially available diode la-
sers are indium gallium arsenide phosphide
(InGaAsP) devices (1.2- to 1.7-um emis-
sion region) that emit in the low-attentua-
tion-loss and low-pulse-dispersion regions
of silica-based fibers.” and therefore are
needed for long-distance high-data-rate op-
tical communications. InGaAsP single-
mode diodes will be briefly discussed with
respect to the performance of their
AlGaAs counterparts. We start by pre-
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senting the stripe-geometry laser, its prob-
lems, and the various principles of lateral-
mode stabilization. Then we proceed to
describe low-power (3- to S-mW) and high-
power (15- to 50-mW) laser structures and
their electro-optical characteristics. Finally,
the devices” dynamic behavior as related
to their use in systems is brieflv discussed.

Lasing mode stabilization

The simplest type of practical laser diode
is the stripe-geometry double-heterojunc-
tion (DH) laser® (Fig. Ib). Atop a GaAs
substrate. four lavers are deposited: n-type
Al Ga,-As: an n, p, or undoped “active™
layer, Al,Ga,-,As; p-type Al Ga,-As; and
a p*-GaAs layer for contact. The compo-
sitions are such that x is greater than y,
which gives an active layer of lower energy
bandgap (AF, = 0.3 eV) and higher
refractive index (An = m — n2 = 0.2).
Consequently. carriers injected from the
n- and p-Al,Ga,-As layers are confined
to the active layer. where they recombine
to produce light. The generated radiation
is trapped in the one-dimensional diclec-
tric guide formed by the active laver of
thickness d and index n,. and the confin-
ing layers of index n:. This waveguide in
the plane perpendicular to the junction
(the transverse direction) supports only
the fundamental mode as long as d is less
than 0.4 um and An is greater than 0.2
(see equation (1) below),

For practical diodes. d is typically 0.05
to 0.2 um and Ap is greater than 0.2, and
thus a stable fundamental transverse mode
(that is, in the plane perpendicular to the
junction) is always the case. By contrast,
along the active layer (the lateral plane)
the mode confinement is provided by the
current flow alone. which, for standard
stripe-contact (10- to 15-um wide) de-
vices, often results in a series of instabili-
ties:™ * strong nonlinearities (“kinks™) in
the light-current (L-1) characteristics: pulsa-
tions; excess noise; and optical-mode beam
shifts. Such behavior can seriously affect
or even prevent the use of stripe-contact
diode lasers for optical communication
systems. As a result. current state-of-the-
art laser diodes represent tremendous ef-
forts in recent years to achieve laser-mode
stabilization by changing the basic pla-
nar-DH stripe-geometry structure.’

Two general approaches to stabilization
via structural changes have been pursued:
tight current confinement: and the crea-
tion of a built-in real-index wave-confin-
ing structure (waveguide or antiwaveguide
as shown in Fig. 2). Tight current con-
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Fig. 1. Simple cw diode lasers. Schematic representations of: (a) the stripe-geometry
double-heterojunction laser structure; (b) the cross section of a heterojunction AlGaAs
laser (x — y > 0.25; n, — n, > 0.2) for cw room-temperature operation. The active layer of
thickness d (0.05 to 0.2 um) is placed 2 to 3 um away from the contact stripe.

finement to narrow stripes (3 to 7 um)
results in lasers with “kinkless™ L-I char-
acteristics. up to at least 10 mW cw: wide,
non-Gaussian beams; and multimode spec-
tra.™ ® Only structures with built-in lateral
wave confinement have resulted in single-
mode lasers; that is, devices that operate
over wide ranges of drive current in a
stable fundamental spatial mode as well
as in a single frequency mode. In a posi-
tive-index guide. the guided mode is
“proper’ or “trapped™ in the sense that it
is totally mternally reflected at the dielec-
tric boundaries (bottom of Fig. 2a). The
amount of refractive-index change. An,
and the spatial extent of the index varia-
tion, wo. are chosen such that the struc-
ture supports only one mode—the fun-
damental one. The first-order-mode cutoft
condition is

(Van) wos A/ Van (1)
where n is the averaged refractive index.?

Equation (1) holds for passive waveguides.
In active waveguides. gain-loss considera-
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tions can allow stable fundamental-mode
oscillation at wp values that are twice the
one given by equation (1.} Also. An
should be larger than approximately 107
to overcome the effect of current-induced
guiding.

The negative-index guide or antiguide
differs from a positive-index guide in that
the “guided™ modes are “improper.” In
other words. upon reflections at the di-
clectric boundaries. part of the light is
refracted in the outer regions (bottom of
Fig. 2b). and thus the mode will vanish
after propagating a finite distance in a
passive guide. The refracted light can be
thought of as radiation loss. ax’
A}

2 H'():‘n2 VZ |An I/n

where m is the mode number. The losses
for the first-order mode (m = 2) are four
times the losses for the fundamental mode
(m = 1). In a passive guide, “leaky™
modes cannot be supported for long dis-
tances, but in active structures the elec-
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Fig. 2. Laser-mode stabilization is attempted via changes to the basic planar-DH stripe-
geometry structure. Refractive-index variation in the lateral plane and ray-optic represen-
tation of light propagation for: (a) positive-index guide; (b) negative-index guide
(antiguide).

tronic gain can overcome the radiation
losses and allow sustained propagation
and oscillation of leaky modes. The strong
dependence of the radiation loss on the
mode number provides discrimination against

high-order mode oscillation in some imigh-
power single-mode devices. More complex
leaky guides (for example, a combination
of Figs. 2a and 2b) can have even stron-
ger discrimination against high-order
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Fig. 3. Available power is directly related to the size of the lasing spot. Schematic repre-
sentations of low-power single-mode laser types: (a) buried-heterostruc-
ture (BH); (b) channeled-narrow-stripe (CNS); and (c) constricted double-hetero-
junction (CDH). The lasing spots are shown to scale in the lateral direction.
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modes than indicated by formula (2). Vari-
ations in refractive index of the types
shown in Fig. 2 are “built into™ the lat-
eral direction by etch and regrowth tech-
niques,® controlled deep Zn diffusions,’
and one-step liquid-phase epitaxial (LPE)
growth over channeled substrates.'* "'

Low-power
single-mode lasers

Low-power lasers are devices that can op-
crate reliably at cw output-power levels in
the 1- to 5-mW range. The amount of
available power is directly related to the
size of the lasing spot. since for AlGaAs
structures at high powers, the degradation
is a function of the power density.” As
shown in Fig. 3. the spot sizes for various
low-power lasers can differ from one de-
vice to another: this in turn affects their
respective maximum output powers. Three
typical cw single-mode lasers are displayed
in Fig. 3: (a) the buried-heterostructure
(BH) laser:® (b) the channeled-narrow-
stripe (CNS) laser:'? and (c) the constricted
double-heterojunction (CDH) laser."
Mainly due to their spot size. these
AlGaAs devices have the following max-
imum powers for reliable operation: ap-
proximately 1 mW for the BH laser: and
3to S mW for the CNS and CDH lasers.
Low-power single-mode devices are suc-
cessfully used for optical disc and audio/
video disc readout, optical communica-
tions, and guided-wave signal processing.

The BH laser is obtained by first etch-
ing a mesa of DH laser material (Fig. Ib)
and then *“burying™ the mesa by LPE
growth of low-index high-resistivity n-type
material. A positive-index guide (Fig. 2a)
is then achieved in the lateral direction.
Due to very good current confinement,
BH lasers have the lowest thresholds (ap-
proximately 10 mA) of any type of mode-
stabilized device. As a result of the rela-
tively large lateral index difterential, how-
ever. the mesa width for fundamental-
mode operation is rather small (approx-
imately 1 um). The resulting lasing spot
not only limits the device power capabil-
ity but also provides wide (40° to 50°
FWHP) lateral and perpendicular far-
fields.

CNS and CDH lasers are devices grown
by one-step liquid-phase epitaxy (LPE)
over a nonplanar substrate. Due to the
LPE-growth dependence on local surface
curvature.” the active layer assumes a
convex-lenslike shape above a substrate
channel (Fig. 3b) or above a mesa (Fig.

RCA Engineer ¢ 27-3 ¢ May/June 1982




3¢). These lateral variations in thickness
are equivalent to lateral variations in refrac-
tive index and thus positive-index guides
are formed. Since the lateral variation in
refractive index is much milder than in
BH devices, lasing spots 3-um wide are
casily attainable. Threshold currents are
in the 30- to 70-mA range. and the far-
fields are Gaussian and typically 12° by
35° at half power. Single-mode powers up
to 10 mW have been reported. and in
general, such devices can be operated re-
liably in the 3- to S-mW/facet cw-power
range. Below we illustrate electro-optical
characteristics for the CDH laser. which
is an RCA commercial product.

Figure 4a displays cw light-current
characteristics and Fig. 4b shows 3-mW
spectra for CDH lasers at various heat-sink
temperatures. Up to 100°C the thresh-
old current and the slope efficiency vary
little with temperature. making the CDH
device the least temperature-sensitive
commercially available single-mode diode
laser. Due to these remarkable character-
istics the CDH diode has achieved cw las-
ing and single-mode operation to the high-
est ambient temperatures—170°C and
150°C. respectivelv—ever reported in the
literature.

Typical room-temperature cw spectra
and lateral far-field patterns as a function
of drive are shown in Figs. 5a and 5b.
respectively. Single-longitudinal-mode
operation occurs at power levels above
approximately 1 mW. Mode “hopping™
to longer wavelengths as the current is
increased above threshold is a consequence
of joule heating in the device junction.
The transition from one mode to another
is not a monotonic function of drive. but
occurs rather suddenly (over only | to 2
mA in drive current). Between jumps the
mode shifts slightly with temperature: 0.5
to 0.8 angstroms per Kelvin. To control
mode “hopping™ or mode shifting due to
ambient temperature changes, one could
use thermoelectric cooling. However. at
constant heat-sink temperature. shifts due
to joule heating can be controlled only by
using feedback from external or internal
grating structures. The lateral far-field pat-
tern is Gaussian up to approximately
8 mW. Above 8 mW the onset of high-
order spatial modes can be observed. Their
stability and lack of astigmatism make
CDH lasers useful for highly efficient
coupling (to 70 percent with no cross-
lens) up to 4 mW into single-mode fibers
(Fig. 6). By combining a single-mode
CDH laser. a single-mode fiber and a
GaAs MESFET amplifier, a 500-MHz trans-
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Fig. 4. The CDH device is the least temperature-sensitive commercially available single-
mode diode laser. Cw light-current characteristics (a) and spectra (b) of CDH lasers at
various heat-sink temperatures. At 150°C ambient temperature, the junction temperature

is =170°C.

mitter module for optical communications
has been realized.”

For the 1.2- to 1.7-um wavelength re-
gion, lasing-mode stabilization has been
achieved mainly by the fabrication of bur-
ied heterostructures. The active laver is
then InGaAsP. while the confining and
burying layers are made of n- and p-type
InP.'"* Maximum mesa width for funda-
mental-mode operation is 2 to 3 um. Just
as for AlGaAs devices. low lasing thresh-
olds (approximately 10 mA) and rather
wide beam patterns (50° by 30°) are
obtained. However, the power capabilities
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of InGaAsP devices are much higher than
for AlGaAs BH lasers since facet-induced
degradation does not seem to occur. Funda-
mental-mode operation to cw powers as
high as 25 mW has been reported.'® while
single-mode operation is obtained only
up to between 6 and 7 mW. InGaAsP
mode-stabilized devices are currently used
in field trials of optical communication
systems at 1.3- and 1.55-um wavelengths.
Because of low fiber attenuation and vir-
tually zero pulse dispersion, information
could be transmitted at gigabit rates over
distances as long as 100 km.*
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Fig. 6. CDH-laser coupling to single-mode
fibers is highly efficient. The coupling effi-
ciency is =62 percent (Ref. 14).

High-power
single-mode lasers

Means of achieving high-power
single-mode operation

As pointed out in the previous sections,
for low-power devices the single-mode
power that can be obtained reliably is
limited by the mode spot size. At the
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same time, the mode lateral width is lim-
ited by the condition for fundamental-
mode operation in a positive-index guide

(cquation (1) ). Thus, reliable single-mode

operation could not be achieved at pow-

ers above S mW/facet. To overcome these
limitations, two basic approaches have
been taken:

1. Increase the lasing spot size both per-
pendicular and parallel to the junction,
plus introduce a mode-dependent loss
mechanism (lateral antiguiding,'' ' ™
lateral absorption, ' ' or scattering
to discriminate against high-order-mode
oscillation.

2. Eliminate facet degradation by making
nonabsorbing-mirror (NAM) laser
structures. 2

20
)

The most successtul devices to date, the
constricted double-heterojunction large-
optical-cavity (CDH-LOC)" and the
channel-substrate-planar (CSP)."” use the
first approach. In either case, the first step
is to increase the mode spot size in the
transverse direction. As shown schemati-
cally in Fig. 7. there are two ways to
achieve large transverse spot size: by grow-
ing DH structures of very thin active lay-
ers, and by growing large-optical-cavity
(LOC) structures. Thinning of the active
laver from a standard value of approxi-

mately 0.15 um to between 0.05 and 0.06
um causes the mode transverse spot size
to virtually double (that is, from 0.6 um
to | um at 1/¢° points in intensity).** The
LOC concept, originally developed at
RCA, implies the growth of an additional
cladding laver of refractive-index inter-
mediate between that of the active laver
and that of the n-AlGaAs confinement
laver.” The optical mode then propagates
mostly in the guide layer, while obtaining
clectronic gain from the active laver. Mode
transverse sizes as large as 2 um can thus
be achieved. The second step is to pro-
vide, in the lateral direction, weak-mode
confinement and a mode-dependent lat-
eral loss mechanism. High-power CDH-
LOC structures have a LOC geometry
coupled with lateral antiguiding losses.' #
By contrast. CSP structures have a DH ge-
ometry of very thin active layer. coupled
with lateral absorption" and antiguiding
Josses.' Each device will be discussed in
the next subsection.

Another key concept is that of using
nonabsorbing-mirror facets (Fig. 8). In con-
ventional diode lasers, intense nonradia-
tive recombination at the facet depletes
the minority carriers and. in turn, the
effective bandgap narrows.?' Lasing light
is thus heavily absorbed at the facet, a
process that eventually results in catas-

RCA Engineer o 27-3 o May/June 1982




trophic mirror damage. To prevent such
effects at the mirror facets, one has to
create regions there of higher bandgap
than in the lasing region (Fig. 8). Such
nonabsorbing-mirror (NAM) structures
can be obtained either by “burving™ the
facets in high-bandgap material or by
using preferential Zn diffusion.”™ ** and
the devices” reliable power level is then
increased fivefold.

Types of high-power
single-mode lasers

We show in Fig. 9 four major types of
high-power single-mode devices: (a) CDH-
LOC:" (b) channel-substrate-planar"’
(CSP): (¢) “crank™-type transverse junc-
tion stripe® (crank-TJS). and (d) buried-
heterojunction large-optical-cavitv™ (BH-
LOC). Such devices have been shown to
operate single-mode ¢w to at least 10 mW/
facet. while having the capability (that is.
large spot size or nonabsorbing mirrors)
for reliable operation at output power
levels above 10 mW/facet.

The CDH-LOC device (Fig. 9a) is fab-
ricated by one-step liquid-phase epitaxy

(LPE) above a mesa separating a pair of

substrate-channels. Standard 10-um-wide
oxide-defined contact stripes are used for
current confinement. Due to the LPE de-
pendence on local surface curvature.” an
optical cavity is tormed above the mesa:
a convex-lens-shaped active laver
(Alo.07GaoeiAs) atop a concave-lens-
shaped guide laver (Alo2iGaowAs). The
combination of the two provides a large
spot size and discrimination against high-
order-mode oscillation via lateral anti-
guiding losses in the guide layer'! and/or
mode-dependent lateral gain-region over-
lap.?* The cw threshold currents have
values in the 60- to 100-mA range. high
external differential quantum efficiencies
(30 to 40 percent from one facet) and
narrow beams (6° by 25° at the half-power
points in planes paralle! and perpendicu-
lar to the junction). The most notable fea-
ture is single-mode ¢w operation to 40
mW/facet," the highest power into a sin-
gle-mode device ever reported.

The CSP laser (Fig. 9b) is made by
one-step LLPE above a substrate-channel,
and by a preferential Zn diffusion to en-
sure uniform current flow across the chan-
nel region.'” Lateral-mode control and se-
lection are realized via lateral absorption
and antiguiding losses to the substrate
regions on both sides of the channel. Typ-
ical beamwidths are 10° by 27°. The trans-
verse far-field pattern is relatively narrow

3-LAYER ON STRUCTURE

4-LAYER LARCE- OPTICAL -
CAVITY STRUCTURE

Fig. 7. Two ways to achieve large transverse spot size. Transverse-mode-spot size and
refractive-index profiles for: (a) standard double-heterojunction (DH) structure; (b) large-

optical-cavity (LOC) structure.

because very thin active lavers (500 to 600
angstroms) ensure large transverse spot
size (Fig. 7a). The maximum reported
single-mode cw output power is 20
mW/facet.

The crank-TJS laser (Fig. 9¢) is a non-
absorbing-mirror structure (Fig. 8). Lat-
eral-mode control is realized by two Zn-
diffusion fronts. Zn is preferentially dif-
fused in the longitudinal direction such
that one can cleave mirrors through non-
diffused areas. Since heavy Zn doping nar-
rows the bandgap. light generated in the
diffused areas will not be absorbed in the
mirror-facet regions. This approach has
increased tenfold the power capabilities of
TJS-like structures™ and “*window-stripe™
Zn-diffused structures.”’ The crank-TJS
device has relatively low thresholds (30 to
40 mA). large beamwidths, and a maxi-
mum c¢w single-mode power of 20 mW.

The BH-LOC structure (Fig. 9d) is made
by a two-step LPE process during which
a 2- to 3-um-wide mesa of planar LOC
material is embedded in high-resistivity’
material. Mode control and selection is
due on the one hand to the mode-cutoft prop-
erties of the buried lateral waveguide and
on the other hand to mode-dependent
scattering losses off the walls of the bur-
ied mesa.” Due to tight current confine-
ment. very low thresholds (10 to 20 mA)
and very high overall power-conversion
efticiencies (30 to 50 percent) are achieved.
Cw operation has been reported up to
10 mW/facet in a single mode. and up to
20 mW/facet in the fundamental spatial
mode.

A comparison of the major types of
single-mode cw devices vields several con-
clusions. With the exception of nonab-
sorbing-mirror devices. all other high-
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Fig. 8. Preventing mirror damage—the nonabsorbing-mirror (NAM) laser structure. The
material at the mirror facets is transparent to the light generated in the current-pumped

region.
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Fig. 10. Typical cw light-current characteristics of CDH-LOC lasers. The upper insert is a
high-resolution photomicrograph of the near-field pattern.

power lasers rely on some sort of mode-
dependent loss mechanism to discriminate
against high-order-mode oscillation. An-
other relevant feature is that the larger
the mode-spot size. the higher the single-
mode power capability. High-power sin-
gle-mode AlGaAs devices are currently
used for optical recording.”” high-speed
printing, and data-bus fiber distribution
systems.?® As for long-wavelength (that is,
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InGaAsP) lasers. high-power device opera-
tion will be needed for long-distance high-
data-rate optical communications. Powers
as high as 25 mW cw have been demon-
strated in the fundamental mode alone,
while reliable operation has been obtained
only at 5-mW power levels. Below we
discuss results obtained from the most
powerful device to date, the CDH-LOC
laser.

Electro-optical characteristics
of CDH-LOC lasers

Typical cw light-current (L-1) characteris-
tics are shown in Fig. 10. The L-I charac-
teristics are very linear up to moderate
powers (20 mW) and “kinkless™ up to the
maximum diode drive as limited by heat-
ing (for example. 55-mW cw for 200-um-
long devices). The slight bending of the
L-I characteristics with increasing current
above 25 mW is due to heating. In spite
of this. both diodes are single mode up to
at least 40 mW from one facet (Fig. 11).
The devices can operate cw to heat-sink
temperatures as high as 70°C. In the up-
per-right-hand corner of Fig. 11 we show
a high-resolution near-field photograph of
the laser emission. The photograph is
taken by using an optical arrangement
with high magnification and with a nu-
merical aperture of 1.25. The lasing spot
is large (2 um by 7.3 um at 1/¢? points in
intensity) and thus allows burn-out pow-
ers (that is. catastrophic facet-damage lev-
els) as high as 500 mW/facet in low-duty-
cycle pulsed operation.

The lasers’ spectra are recorded with a
1-meter double-grating spectrometer of 0.1-
to 0.15-angstrom resolution. Typical diode
spectral behaviors are shown in Fig. 11.
Virtual single-longitudinal-mode oscilla-
tion is recorded from approximately 1.1
to 2.5 times the threshold current value.
With increasing drive above the threshold.
mode hopping occurs because the gain
envelope shifts in wavelength in reaction
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nal-mode nature of the diode becomes
stronger. Thus, above the 20-mW cw-
power level no other longitudinal modes
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Fig. 11. Cw spectral characteristics
of CDH-LOC devices show that they
are single-mode as the current is
increased to 2.5-times the threshold
value (40 mW from one facet). The
inset (upper right) shows the 40-mW
spectra of a 200- um-long diode.
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are distinguishable on the linear recording
scale. Using decibel (dB) scales (Fig. 12).
one can see that at 30 mW, the main
mode is &t least a thousand times stronger

than the satellite modes.” The maximum
single-mode power of 40 mW is the high-
esl room-temperature ¢w power into a
single longitudinal mode ever reported in
literature for a diode laser.

Typical cw far-field patierns 10 40 mW
(perpendicular and parallel to the junc-
tion) are shown in Fig. 13. As expected.
the presence of the LOC structure gives
relatively narrow transverse beamwidths
(6.=25°). The lateral far ficld is also nar-
row (8 = 6° as it reflects a large lateral
spot width. The major application of the
CDH-LOC device is in high-data-rate op-
tical recording as described by R.A. Bar-
tolini in this issue.”” There. the diodes are
driven under high-dutv-cvcle (50 percent)
conditions (50-ns-wide pulses and 10-MH?z
repetition rate) or near-cw conditions (dc¢
bias at 90-percent threshold plus 50-per-
cent duty cycle). Stable single-lobe opera-
tion is then obtained 1o 50 and 60 mW/
facet as shown in Figs. 14 and 15. Such
devices are used regularly in optical re-
cording. It must be stressed that the beam
shape and position are virtually the same
in ¢cw and pulsed driving conditions. This
quality is quite important since it means
that “reading™ and “writing™ can be per-
formed without need for adjusting the
optics. Although 50 to 60 mW in.a single
lobe at 50-percent duty-cxcle operation
can be obtained regularly. some devices
can be driven single-lobe 1o powers as
high as 100 mW/facet. as shown in Fig.
16.

Aside from optical recording. high-
power CDH-LOC lasers have been used
tor coupling record-high powers into
multimode fibers®™ and single-mode
LiNbO: waveguides.®® Such results are
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Fig. 12. Typical cw spectra of CDH-LOC lasers. These are given at 10 mW/facet and 30

mW/facet, on a decibel (dB) scale.
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Fig. 13. CDH-LOC-laser far-field patterns in the plane of the junction (#1), and in a plane

perpendicular to the junction (f.), at several cw output-power levels.
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threshold when operated at 50-percent cycle.
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Fig. 15. Typical far-field patterns of CDH-LOC lasers driven at (90% I,) dc + 50-percent

duty cycle.
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relevant tor fiber data-distribution systems
and for guided-wave signal processing. re-
spectively. For such systems, fiber-attenu-
ation losses are dwarted by splice/connec-
tor and/or insertion losses. and thus there
is no need for long-wavelength sources.
In fact, better thermal characteristics and
lower cost will favor AlGaAs high-power
devices over InGaAsP devices.

CDH-LOC device
reliability and arrays

As mentioned previously, reliable opera-
tion in AlGaAs diode lasers is directly
related to power density at the facet. For
mode-stabilized coated devices of “stan-
dard™ spot size. 0.5 um by 3 um, relhable
operation can only be expected for power
levels in the 3- to 7-mW range.” Since the
CDH-L.OC device has a spot size 6 1o 8
times the size of low-power single-mode
lasers. one expects reliable operation at
cw output-power levels in the 20- to 30-
mW range. Preliminary results tend to
conftirm such expectations. Life tests were
performed on CDH-LOC devices operated
at S0-percent duty cyele, with peak pow-
ers of 40 to 50 mW/facet. Two diodes.
which emitted 40 mW/facet peak power
initially, have passed the 10,000-hour mark
on the life test with relatively small drops
in output. The maximum relative changes
in beam shape. as recorded with a split
detector. are £5 percent. Such character-
istics satisfy well the requirements for op-
tical recording systems. '

FFor the future, one can envision the
tabrication of independently addressable
arrays of high-power diode lasers for use

CDH-LOC
50% DUTY CYCLE

6, :8°

-20 -10 o] 10 20
ANGLE (DEGREES)

Fig. 16. Lateral far-field patterns of CDH-
LOC lasers driven at 50-percent duty cycle
(10 MHz).
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in multichannel optical recording. Prelim-
inary results of our work in CDH-LOC
laser arrays are shown in Figs. 17a 1o 17c.
A ten-diode monolithic array has been
fabricated (Fig. 17a) with CDH-LOC de-
vices on 150-um centers. The devices lase

in relatively large spot sizes. as seen from
the near-field profile of a single device
{bottom Fig. 17a). and have remarkably
similar threshold currents (80 10 90 mA)
and lateral far-field patterns (6 = 8°).
These features show the reproducibility of

liquid-phase epitaxy over channeled sub-
strates. In cw operation. the monolithic
CDH-LOC array delivered up 10 300 mW
(Fig. 17b), while in low-duty-cvcle pulsed
operation 3.5 W of power could be ob-
tained (Fig. 17¢). Both results represent
the highest powers ever achieved. cw and
pulsed. from monolithic arravs of mode-
stabilized lasers.

Dynamic behavior

As far as their use in systems, four types
ol diode-laser modulation characteristics
are of interest: light-pulse response to a
current pulse: frequency response: noise
performance as a function of current drive:
and single-mode stability. Spatial-mode sta-
bility in the near and far field is already
assured for single-mode lasers, since the
optical mode is defined by a buili-in di-
electric waveguide.

The diode’s pulse response is character-
ized by turn-on and turn-off response
times as well as by dvnamic features such
as relaxation oscillations® (RO) and. some-
times, self-sustained oscillations (SSO). "
Most single-mode laser tvpes have fast
(subnanosecond) turn-on response times.
after an initial drive-level-dependent delay
time.* That. however. does not follow for
the turn-off response time. Observed pulse
“tailing™ effects cause intersymbol inter-

Ten-Diode Monobtme CDH-LOC Array
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Fig. 17. Ten-diode monolithic array of CDH-LOC lasers: (a) near-field patterns of the
array (top) and of an array unit (bottom); (b) cw light-current characteristics; (c) puised
(low-duty-cycle) light-current characteristics.
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ference for (return-to-zero) RZ-format
modulation at data rates above 400
Mbits.?® Relaxation oscillations are rapidly
damped oscillations that can affect system
performance at data rates above 100
Mbits. For most single-mode lasers, ROs
are heavily damped and thus do not affect
system operation. By contrast, the occur-
rence of self-sustained oscillations, ob-
served sometimes in aged devices, spells
the end of the diode’s useful life in high-
speed (2200 Mbit) applications. Fortu-
nately. SSOs occur relatively infrequently
in high-quality single-mode facet-pas-
sivated diodes.

The diode’s frequency response consists
mainly of a drive-level-dependent reso-
nance peak in the gigahertz range.* For
high-frequency diode operation, the device
should be driven at high current levels
above the threshold. Tied in with the fre-
quency response is the diode’s (intrinsic)
noise response. For well-behaved. isolated
single-mode diodes, the noise spectrum
peaks at lasing threshold and then drops
significantly with current drive above
threshoid.™ However. reflections back into
the diode or operation in a mode-"hop-
ping™ region are serious sources of noise
and should be avoided.*® For instance.
reflections into the device can be mini-
mized by using fibers with angle-polished
ends. or climinated by using optical
isolators,

Probably the most serious problem in
the use of single-mode diodes is the insta-
bility of the single longitudinal mode.
Mode “hopping™ generally occurs in a
random way as a function of time at fixed
temperatare and as a function of ambient
temperature at fixed output-power level.
For many systems—such as optical re-
cording. multimode-fiber communications.
and printing—this random longitudinal-
mode hopping is of no concern. How-
ever, if stable operation in a single-fre-
quency mode is necessary—such as in
single-mode fiber-optical communications,
space communications and holographic
printing—mode stabilization by external
means has to be implemented. Methods
for achieving single-frequency-mode
stabilizations include the use of external
cavities with diffraction gratings®® or
hemispherical mirrors.”® and injection
locking.”” The single mode is thus selected
via stable external means, and can be tuned
by adjusting the external cavity compo-
nents or by changing the ambient tem-
perature. For the future, one can envision
single-frequency-mode stability by the
monolithic incorporation of submicro-

18
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meter gratings in the laser structure.* *

The stabilization of the trequency mode.
together with tight temperature control
and/or external reflection for spectral line
narrowing (Ay < | MHz). will eventually
open the way for heterodyne detection
and thus the potential for terahertz (THz)
bandwidth communications.”

Conclusions

Diode lasers have come a long way since
their discovery two decades ago. Both low-
and high-power single-mode diodes oper-
ating continuously and reliably at room
temperature are commercially available.
The CDH-LOC laser. a culmination of
research efforts at David Sarnoff Rescarch
Center. provides the highest single-mode
power ever achieved from a semiconduc-
tor injection laser. The device opens new
horizons in optical recording. fiber-opti-
cal communications. and space com-
munications.
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R.A. Bartolini

High-density optical recording using laser diodes

High-power single-mode diode laser and compatible optical
recording media developments are providing a basis for future
optical disc recording system products.

Abstract: Oprical recording svsiems ca-
pable of information siorage and retrieval
by the use of a highly focused laser beam
as the recording and playback source have
been developed 1o a point where product
introduction in the mid-1980s is highly
probable. The product potentials range
Srom video information-storage applica-
tions 1o large archival digital data mass
memovies. This article presents the fea-
tures of an optical disc dara-storage-and-
retrieval system based on a semiconductor
diode laser as the recording source.

Oplicul disc recording systems capable
of information storage and retrieval by
means of a highly focused laser beam as
the recording and playback source have
been under investigation at RCA Labora-
tories tor the last 10 yvears. The product
potentials for this technology range from
broadcast video applications” * to
random-access large archival digital data
mass memories for government applica-
tions." * * The two key elements for any
optical disc recording system application
are the recording laser source and the
recording media. The ideal recording laser
source is the semiconductor diode laser.*™"
The details of such a device are presented
on pages 8 to 19 in this issue in another
article. by D. Botez. My article describes
the results when such a device is used in
optical disc recording applications and
gives the fatest results on optical disc re-
cording media development, which is com-
patible with this recording source.

©1982 RCA Corporation
Final manuscnpt received February 9, 1982
Reprint RE-27-3-3
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Recording and
playback system

Optical disc recording systems provide the
tollowing advantages:

I. Very high information density of 10"
to 10'"" bits per disc have been
demonstrated.

2. Very high data rates of up to 50 Mbits/
second in a single-channel recorder
have been demonstrated.

3. Rapid random access to the data (<<I
seccond) has also been demonstrated.

4. The cost of the media has been pro-
jected to be 5 X 107 cent/bit.

5. The media has the potential for archi-
val storage (10 years or more) of the
data.

Figure | shows a block diagram of a
typical optical disc recording and play-
back system. For recording, the output of
the laser is directed through a modulator
(both clectro-optic and acousto-optic de-
vices have been used) that modulates the
intensity of the hght. in response 1o an
mput clectrical signal. The modulated laser
beam is enlarged by the recording optics
so that it will Al the aperture of the fo-
cusing lens. This lens focuses the laser
beam into a small (less than l-um di-
ameter) arca on the recording medium so
that the intensity modulation of the beam
results in the information being stored as
a series of “spots™ along a track in the
surface of the recording medium. For read-
out. an unmodulated. less intense (so that
turther recording will not take place) taser
beam from the same laser follows the
same path as that followed by the record-
ing beam to the recording medium. The
light is reflected from the recorded “spots™

and passes back. through the focusing
lens and a quarter-wave plate (not shown).
The light. now rotated by 90° in polariza-
tion by the two passes through the quar-
ter-wave plate, passes through a polariz-
ing beam splitter  (not shown) and is
directed by the optics to a photodetector.
The photodetector converts the reflected
light beam (modutated by the recorded
“spots™) to an electrical output signal
representative of the original input re-
cording signal to the modulator. The radial
position of the laser’s spot on the disc is
determined by the position of the motor-
driven translation stage and the track mir-
ror. The control system can move the
translation stage so that either spiral or
concentric circular tracks can be recorded.
During readout. the translation stage is
used to determine the approximate track
location while the track mirror provides
fine tracking control to lock on and read
the desired information.

When recording data. two important
performance parameters are the total data
capacity of the storage media and the rate
at which the data can be stored and re-
tricved. It is desirable to have both of
these parameters as large as possible, for
example 10" to 10" bits total capacity
and 20 1o 50 Mbits/s data recording rates.

The total data capacity of an optical
disc depends on the number of data bits
that can be stored on a single revolution
(track) of the disc and the total number
of revolutions (tracks). The primary fac-
tors that determine the bit density along
the track are the minimum recorded area
size and the modulation-encoding scheme
(that is, the number of bits per recorded
arca). The major factors that determine
total number of tracks are the size of the
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Fig. 1. The major components of the optical disc recording and playback apparatus. The

laser and disc media are the key items in such a system.

disc and the track-to-track spacing. which
must be sufficient o reduce cross tatk
below an acceptable level,

When a modulation-encoding scheme
is assumed that requires one bit per re-
corded arca and a track-to-track cross-
talk limitation that requires the track
density to be one-third the bit density
along the track. then the total number of
bits (C,) that can be stored on an optical
disc rotating at constant angular velocity

1S

Co==T5(D.D,— D}). (h

6d,
where d, is the recorded area diameter. D,
is the disc’s outer recording diameter, and
D, is the dise’s inner recording diameter.
For C, to be a maximum. D, equals D, /2.
Assuming D, is 30.5 ¢cm. equation (1) re-
duces o

1.2 X 10"
d.
where the units of d, are in micrometers.
The data recording rate (R} is given by

Co = (2)

R=TD g

(3)
({o

where S is the dise rotation rate in rps.
The disc rotational velocity is limited by
mechanical properties of the disc substrate
and by focusing and tracking-servo per-
formance. For many different substrates
and the present servo svstems, a dise rota-
tional velocity of 30 rps is practical and,

with D, egual o D, /2. equation (3) re-
duces to

14.4 X 10°

R =
o

bits/s. (4)
where the units of d, are in micrometers.

Equations (2) and (4) show the de-
pendence of the dise data capacity and
data rate on the recorded area size which,
in turn, depends on the laser spot size.
The laser spot size is a function of the
laser waselength (A) and the numerical
aperture iNA) of the recording tocusing
lens: that is,

_ A

dy 2 0.56 NA (5)
where oy 35 equals the spot diameter at the
halt-power points (1/2p) for a Gaussian
beam truncated by the lens at the 1/¢°
points.'’ The recorded area is tyvpically of
the order of this half-power-spot diameter
and thus equations (2) and (4) become

Co=38(MA) x 10%bits  (6)
and
R=2NM)x 10°bits;s (7

Focusing leases with NAs from 0.6 1o
0.85 and lasers with wavelengths of (.442
to 0.82 um have been used in optical disc
recording systems. Table 1 compares the
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disc capacity and data rate for these
ranges.

As Table I shows, the use of a longer
wavelength laser requires a sacrifice in
both disc capacity and data rate even when
compared to a shorter wavelength system
using an NA ot 0.6.

Table I lists some of the commercially
available lasers (with relevant properties)
that have been extensively used as record-
ing sources in optical disc systems, The
choice of the proper laser depends on the
particular optical recording application.
For example. the helium-cadmium (HeCd)
taser produces the shortest wavelength
beam and. thus. produces the smallest
recording element which provides for the
highest disc-data capacity and highest
single-channel recording rate. The argon
(Ar’y laser on the other hand. due to its
high wutput power. can have its output
beam split into a number of sub-beams
{up e nine have been reported'?) that can
be independently modulated and used to

Table I. Disc capacities and data rates for
some typical optical disc recording
systems.

A{um)t NA C, (bits) R (Mbits | sec)
0442 06 1% 16% 35
0442 085 14X 10" 50
082 06 2% 10" 19
082 = 08s " 10" 27
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Table Il. Optical recording lasers (cw, single mode).

Tyvpe A(nm)  dizp (pm); NA = 0.85  Powpue (max)
HeCd 442, 0.29 40mwW

Ar 488. 0.32 1 —4W
HeNe 633. 0.42 50mW
AlGaAs 820. 0.54 40mW

simultancously record data at n times the
single-channel data rate (n being the num-
ber of sub-beams). Commercial availabil-
ity and proven lifetime characteristics have
made the helium-neon (HeNe) laser an
attractive optical disc recording source.
The HeCd. Ar', and HeNe lasers are
all gas lasers, and until recently. they were
the only lasers used for optical recording
applications. But the development of op-
tical recording media with increased sen-
sitivity, and the continued improvement
of the modal characteristics and output
power capabilitics of the aluminum-
gallium arsenide (AlGaAs) semiconductor
diode lasers has allowed recording of video
and digital information with these semi-
conductor sources. This is a major devel-
opment in the field of optical recording
because the diode laser permits the design
of extremely compact systems with signi-

ficant reductions in the size and cost of

the record and playback system. Because
the output power of the diode laser can
be modulated directly by the input signal.
the external light modulator common to
all gas-laser optical recording systems can
be eliminated. and diode-laser arrays will
ultimately permit extremely high data rate
(hundreds of Mbit/s) systems. The high
efficiency of the diode laser also permits
the electrical input power to the system to
be reduced drastically compared to gas-
laser systems. Finally. the diode laser is
potentially more reliable than its tube
counterpart.

Diode-laser requirements for optical re-
cording applications are operation at peak
powers ol 40 mW or more. at 50-percent
duty cvcle. and at rates up to 30 MHz. In
addition, the laser should exhibit stable
fundamental spatial-mode operation in
both transverse and lateral directions.
“Lateral™ and ‘“‘transverse™ designate
planes respectively parallel and perpen-
dicular to the junction plane. both being
perpendicular to the direction of beam
propagation. that is. the longitudinal
direction.

A newly developed diode-laser struc-
ture. the constricted double-heterojunc-
tion large-optical-cavity (CDH-LOC) de-
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vice. provides for high output power (up
to 100 mW) in a single stable mode and
the promise of good lifetime (more than
10.000 hours to date at 40 mW, 50-per-
cent duty cycle, and 10 MHz)."

Figure 2 shows the diode-laser optical
recording system. which begins with a
microscope objective of sufficient numeri-
cal aperture to collect most of the laser
light (NA of 0.35). This objective is posi-
tioned to collimate the light, but further
beam conditioning is required because of
the asvmmetric beam spreading in the lat-
eral and transverse planes. This condition-
ing of the beam is accomplished by a
combination of two simple plano-convex
cvlindrical lenses that function as a beam
expander in one dimension. The positions
of the cylindrical lenses are adjusted for
common focus in both lateral and trans-
verse directions. When the optical system
is aligned. an approximately symmetrical
beam just fills the focusing objective lens
(NA of 0.85) producing a spot size of 0.6
um (half-power diameter) in both the lat-
eral and transverse directions.

Also shown in Fig. 2 is the readout
path and readout elements of the optical-
disc system (tracking mirror. quarter-
wave plate, polarizing beam splitter, and
photodetector).

Since the data is written in real-time
with an instantancous playvback capabil-

ity, a read-after-write (RAW) scheme can
be used to verify that the data has been
recorded without errors. A separate laser
(lower power) can be used for this pur-
pose, as shown in Fig. 3. In addition to
the diode laser and optics of Fig. 2, the
HeNe in Fig. 3 is used to perform the
function of focusing. tracking, read-after-
write. and final data detection. Recording
results from the use of this system will be
presented later in this article.

Recording media

The key component of the optical disc
system for data storage and retrieval is
the recording media. Ideally. it should
provide all the characteristics listed below.
High sensitivity. A few milliwatts inci-
dent onto the recording surface is a
practical value based on existing lasers
if"one considers optical efficiencics, reflec-
tions, and other system losses,
High resolution. Since high-density op-
tical recording systems require 1-um
(or smaller) spots. the material must
have a resolution capability that is
greater than 1000 /p/mm.
High SNR.* The signal, to be useful.
must be recorded with sufficient SNR
(the Timit on SNR is dictated by sys-
tem considerations: that is, digital ver-
sus analog. data recording rate, disc
capacity, and so on).
Real-time recording and instant play-
back. The material must have real-time
recording characteristics and allow
immediate retrieval of the stored in-

* SNR s the peak-to-peak signal-to-RMS-noise
ratio in a 4.2-MH7 bandwidth.

SIGNAL IN D0ISC
CYLINDRICAL
DIODE BEAM EXPANDER ' wavg AL
OBJECTIVE
PLATE
v 4
] TRACKING

MGUNTING N TR MIRROR
BLOCK \ = O POLARIZING

COLLECTION
OBJECTIVE

SIGNAL OUT

LBEAM SPLITTER

4~ PHOTO DETECTOR

Fig. 2. The optical components of the diode-laser optical disc recording and playback
system. The major items are the cylindrical beam expander and the focusing objective

lens.
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Fig. 3. The overall diode-laser optical disc recording and playback apparatus. The HeNe
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laser is used for readout of data as well as for focusing and tracking functions.

formation; that is, there should be no

processing steps required.

Immunity 1o defecrs. Material pinholes.

dust. and other surface contaninants

can prevent the recording of many sig-
nal clements, or obscure them after
recording: thus, the matenal must al-
low for protection trom this source of

“noise.”

Archival storage. The material should

allow permanent recording of the data

and should not degrade under ambient

conditions or prolonged readout
There are many classes of materials in
which changes in the optical properties
may be induced by the absorption of hight
from the recording laser beam."

The class of materials that were found
to satisfy all of these conditions are abla-
tive (melted or vaporized) thin films.” = "7
The highly focused laser beam serves as
an intense and extremely localized source
of heat. The thin ilm is tocally heated by
the focused laser beam. and surface tension
opens a hole (pit) in the melted area. To
read the data. an unmodulated laser beam
(with intensity below the recording level)
is scanned across the pits by the rotating
disc, and the change in reflectivity from
pit to land is detected as the data output
signal.

In general, for thermal types of record-
ing media where the pit formation pro-
cess proceeds via melting of the layer of

recording medium. the energy (E) which
is required to form the pit and. therefore.
the power required in the incident record-
ing beam depend on three major parame-
ters. as shown in equation (8).

E o m (8)
Noptical Mthermal

Q. is the amount of energy required to
melt the pit in the layer of recording me-
dium. neglecting any heat losses to the
substrate or overcoat lavers. nopicar 18 the
optical efficiency of the structure in which
the recording medium is placed. that is.
the fraction of the incident recording beam
which 1s coupled into and absorbed by
the tayer of the recording medium. Nyemw
is the thermal etficiency of the recording
process. being that fraction of the heat
generated within the layer of recording
medium that does not diffuse into the
substrate or overcoat materials. which are
in contact with the layer of recording
medium.

The simplest ablative recording me-
dium that has been used for optical re-
cording is a single 30- to 50-nm vacuum-
deposited layver of metal. This type of
optical recording structure reflects about
40 percent of the inaident light and also
absorbs about 40 percent (the rest is trans-

mitted). The optical efticiency (opuar) OF

this structure is. thus. 40 percent. A metal-
lic optical recording structure that has been
found to improve signiticantly on this fac-
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tor is a thin-film multilaver antiretlection
(AR) structure called the tritayver optical
recording structure.'®

The trilaver structure is shown sche-
maticallv in Fig. 4. The substrate is first
coated with a reflective layer of alumi-
num, followed by a layer of transparent
dielectric matenal, and tinally a very thin
layer of the metallic recording medium.
By choosing the thickness of the dielectric
and the thin metal layer appropriately. it
is possible to create an antireflection con-
dinon for lght of the recording wave-
length. This results in a very high traction
(up to 90 percent) of the incident beam
being absorbed by the thin metallic layer.
The optical coupling of the trilayer struc-
ture can, thus. be up to twice that which
can be achieved by use of a single laver of
the recording material due to the losses
by retlection and partial transmission
through the single layer. The trilayer
design thus provides tor the highest value
fOr Nopucat 1 equation (8).

The trilayer structure also provides an
advantage over the single-laver approach
during readout where the signal contrast
is enhanced because the pits formed dur-
ing recording exhibit a high retlectivity to
the presence of the exposed aluminum
retlection layer. while the AR condition is
maintained in the unrecorded areas.

The amount of energy. (. required to
melt the pit in the metallic recording layer
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Fig. 4. Detalils of the optical characteristics and operation of the trilayer optical disc struc-
ture. The antireflection condition achieved by the quarter-wave optical thickness, A/4n, is

the key to this structure.

of Fig. 4, is heavily dependent on the
melting point temperature of the metal
itself. Of a large variety of low-melting-
point metals tested, tellurium (Te) has been
found to provide the highest playback
signal-to-noise ratio (SNR) (see Table
un.”

The choice of Te as the absorbing layer
in the trilayer structure consequently pro-
vides for an optimum value for Q. in
equation (8).

The thermal efficiency. nmemar depends
not only on the thermal properties of the
recording medium and material in con-
tact with this layer, but also on the dura-
tion of the pit-formation process, which is
determined by system-related factors such
as recorded signal bandwidth, laser-out-
put duty cycle, turntable speed, and laser-
spot size.

The presence of the aluminum-reflector
layer in the trilayer structure represents a
potential heat sink that may reduce the
thermal efficiency of the recording pro-
cess. The heat generated in the tellurium
layer by the absorption of the incident
recording beam will diffuse through the
dielectric layer, and after some character-
istic time, dictated by the thickness and
the thermal properties of the dielectric
layer, it will reach the aluminum-reflector
layer. Since aluminum is a good thermal
conductor. once this layer is thermally
coupled into the process of pit formation,
the .thermal efficiency of the recording
can be substantially reduced, leading to a
corresponding reduction in the recording
sensitivity.

In general, in order to eliminate the
deleterious effects of the heat losses to the
aluminum layer, the parameters of the
dielectric layer must be specified such that
the thermal time constant for heat to dif-
fuse from the layer of recording medium
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to the aluminum layer exceeds the dura-
tion of the pit-formation process. A poly-
meric dielectric material, for example, was
found to provide a twofold improvement
in recording sensitivity over an SiO,
dielectric layer.” Thus, the choice of mate-
rials for the dielectric layer can optimize
the value of 7mermar in equation (8).

Besides the ablative pit-forming mode
of optical recording (Fig. 5a) in a trilayer
structure, two new interesting modes of
recording have been reported recently. The
first is a bubble-forming mode® 2! (Fig.
5b). In this mode. the absorbing layer is a
high-melting-point metal (such as titanium)

Tabile lll. Recording characteristics of metal
trilayers.

Metal T7.(°C) Pr(mW) SNR (dB)

Te 450 3 54

Pb 327 3 36

Bi 271 3 41

In 156 5 40

T. = melting point temperature

Pr = threshold incident recording

power
SNR = playback signal-to-noise ratio

instead of a low-melting-point metal (such
as tellurium), and the dielectric layer ma-
terial is chosen to have a vaporization
temperature well below the melting tem-
perature of the absorbing layer. Upon ex-
posure to the highly focused laser beam,
bubbles are formed as the top absorbed
layer bulges due to the gas pressure from
the vaporized dielectric layer beneath
(Fig. 5b). The bubble disrupts the AR
condition and, thus, the readout is similar
to the pit-forming mode (that is, high-
reflectivity recording regions and a low-
reflectivity unrecorded region). The other
new mode is a reversible recording mode*
(Fig. S¢). In this mode. no topographical
(pit or bubble) disruption of the trilayer
structure occurs during recording. Instead.,
the optical properties of the recorded region

HIGH REFLECTIVITY

I !LOW REFLECTIVITY
ABSORBER

~_ (LOW MELTING POINT)
DIELECTRIC

7/ suestRate

(a) PIT_FORMING MODE

ALUMINUM

IGH REFLECTIVITY

;H
LOW REFLECTIVITY
< ABSORBER

w_(HIGH MELTING POINT)

77/ SUBSTRATE

Q DIELECTRIC
7 \-ALUMINUM

(b) _BUBBLE FORMING MODE

AHIGH REFLECTIVITY

LOW
REFLECT VITY% - DIELECTRIC
ABSORBER

‘\(~LOW MELTING POINT)
DIELECTRIC

// /SUBSTRATE
() _REVERSIBLE MODE

\ALUMINUM

Fig. 5. Three different recording modes of the trilayer optical disc structure. By varying
materials and number of layers, significantly different recording effects can be produced.
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are changed when the material switches
between the crystalline and amorphous
phases.

The pit-forming mode in this case is
inhibited by the use of a dielectric cap-
ping layer (Fig. 5c). The recorded region
can be crased (restored to the original
phase) by continuing the high-power read-
out (but with less power than the record-
ing beam) of the recorded information.
The areas can then be re-recorded and
erased many times (up to 50 record/erase
cveles have been reported®).

Thus far in the discussion of the mate-
rials aspects of the design of the recording
structure, the effects of defects on the
quality of the playback signal have been
neglected. Since the density of informa-
tion is so high, even defects which have
sizes in the range of 1 um will result in a
significant loss of information. There are
basically three sources of such defects,
and the overall design of the optical re-
cording disc must take all of them into
account.

The first and probably most important
source of defects is that of precipitated
dust particles, which accumulate on the
surface of the recording medium. These
particles may obscure a number of re-
corded pits, or even prevent their forma-
tion if the particle is present during the
recording step. A relatively thick (180-um)
transparent overcoat or encapsulation
laver will protect against signal degrada-
tion due to dust particles by placing them
out of focus.” Figure 6 shows such an
overcoat in contact with the Te-trilaver
structure.,

The second source of defects depends
on the intrinsic quality of the evaporated
coatings that form the recording structures.
These coatings must be free of pinholes to
a very high degree. and this necessitates
the most rigorous standards for cleanli-
ness during the evaporation steps.

The third source of defects is due 1o
intrinsic surface defects present in the sub-
strate disc. Even the most carefully pol-
ished glass substrate will have a finite
density of cavities and microscratches on
its surface; in the case of an inexpensive
plastic substrate the defect density is likely
to be considerably higher. The surface
defects intrinsic to the substrate can be
hidden relatively casily by pre-coating the
substrate with a thin layer of plastic mate-
rial applied by coating from a solution.
Such a laver is applied by spin coating
and. as it dries, surface tension causes the
uppermost surface to harden and form an
almost defect-free surface for coating with

OVERCOAT

P MO P e M T N
TRILAYER { ; "~ DIELECTRIC

SUBBIRG LAYER L ALUMIUM

Su ESéﬁT E /
oz

Fig. 6. A cross-sectional view of the overcoated Te-trilayer optical recording disc with a
subbed substrate.

Fig. 7. A TV monitor displaying a video-signal test pattern recorded and read out from a
Te-trilayer optical disc, using a diode laser as the recording and playback source.

INPUT

1110100101010 1 001 BIT PATTERN
(a) DELAY MOD (DM) WAVEFORM
a

OUTPUT

20MBITS /sec DM PLAYBACK

(b) SIGNAL

200 400 600 800 (ns)

o+

Fig. 8. Diode-laser recording and playback of a 20 Mbit/s DM digital signal. (a) Input bit
pattern and DM waveform. (b) Output DM signal recordings.
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the recording structures. This surfacing or
subbing layer is shown in Fig. 6. Record-
ing results obtained for some of these
structures are discussed in the following
section.

Recording results

Recording results from the diode laser in
the recording arrangement of Fig. 3 and
the optical disc structure of Fig. 4 are
shown in Figs. 7 and 8.

Figure 7 is a photograph of the TV
monitor displaying the playback video sig-
nal that was recorded and read out by use
of the diode-laser recording system.” The
SNR is approximately 45 dB.

Figure 8 shows digital recording results
obtained with the diode-laser recording
system. Figure 8a shows the input bit
pattern and corresponding delay-modula-
tion (DM) 20-Mbits/s digital encoding
waveform that was used to directly mod-
ulate the diode laser. The output signal
during playback is shown in Fig. 8b.

Using the optical disc structure of Fig.
Sc. reversible video optical recording has
been demonstrated.”? Figure 9 shows pho-
tographs of the playback of video infor-
mation displaying the first, thirtieth, and
fiftieth successive recordings made on one
track of a disc during the record/erase/
re-record sequence.

RECORDING
#1

RECORDING
# 30

Conclusions

The development of the high-power
b single-mode diode laser and compatible
optical recording media has increased the
probability of an optical disc product
in the mid-1980s time frame. The product
potentials range from video information
applications to large archival digital data
mass memories. The key to success in any
of these application areas is the emergence
of a useful recdrding media product.

RECORDING
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D.C. Ainsbury

Design, development and installation
of a fiber-optic communications system

The fiber-optic system installed by RCA Systems Services
provides the Royal Signals and Radar Establishment in England
with a secure, versatile and reliable communications link
between computers in several widely dispersed locations

on the site.

Cable pulling. The cable bundie is pulied through the duct and is guided over sharp

edges to prevent damage to the fibers.

Mul\'crn. in Worcestershire, England. is

a small spa town built on the slopes of

the Malvern Hills: for many vears it has
been famous for its waters and hand-built
Morgan Sports Cars. But Malvern is also
©1982 RCA Corporation
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the home of the Roval Signals and Radar
Establishment (RSRE). an organization en-
gaged in research and development for
the Ministry of Defense.

RCA Systems Services tendered for a
Ministry of Defense contract to design
and install a fiber-optic communications
system, to link computers in three sepa-

Abstract: Under contract to the Ministry
of Defense, RCA Svstems Services
designed and installed a fiber-optic com-
munications system to link computers in
three separate buildings. The nenwork has
five nodes and comprises a mixture of
parallel, serial synchronous, and serial
asynchronous daia links. The longest link
is approximately 440 meters and the short-
est link is approximately 55 meters. Non-
mudtiplexed methods are used to transmit
parallel data. Five parallel data links and
three serial dara links were provided. The
author reviews the components required,
the design, and the system-installation
process.

rate buildings. Fiber-optic links were re-
quired to provide secure, interterence-free
communications over long distances. RCA
was awarded the contract in August 1981
with the completion date fixed tor the end
of December, a contract duration of only
20 weeks.

The task was assigned to the Micro-
processor Group, a small team in Sys-
tems Services specializing in the design
and production of industrial and military
microsystems, with skills in the fields of
hardware. software. and computer
intertacing.

Background to RCA
Systems Services

Located in Guisborough, Cleveland. this
small ¢close-knit group concentrates on the
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supply of services to customers who usc
computers to monitor. log. or control pro-
cesses and operations. The services may
be viewed in the following ways, although
an individual customer’s needs often em-
brace more than one of these sub-
divisions.

Contract programming

The wide cumulative experience of our
staff enables us to supply programmers
and analvsts with an appropriate back-
ground for most projects. Contracts may
be arranged for any length of time for
work either on the customers’ own prem-
ises or at RCA premises. This service al-
lows customers to supplement existing
teams to ensure timely project completion,
with RCA supplying special skills. or pro-
viding independent project control. It is
also a cost-effective way of managing the
maintenance of computer svstems when
occasional changes are outside the scope
of the original team. RCA contract pro-
grammers have contributed to projects with-
in, for example, ICI and British Steel, and
are now contributing to Ministry of De-
tense projects.

Turnkey computer systems

RCA’s well-established project manage-
ment skills enable the group to undertake
full responsibility tor building computer
systems that meet stated functional objec-
tives. Feasibility studies and research stud-
ies alsa fall into this category. The group’s
skills extend bevond writing real-time ap-
plications programs to include operating-
system design and modification and also
involvement with language processors. The
group has its own computing facilities.

Microelectronic design

This part of the group specializes in the
design and construction, to customers’ in-
dividual requirements, of special purpose
interfaces, controllers, monitors, and so
on. The use of CMOS microcomputer
components is common when so many
industnal applications require low power
consumption, high reliability. and noise
immunity. Prototype devices are designed
and built at Guisborough. Small-scale pro-
duction runs can be accomplished within
RCA resources. The development of these
devices is often a cooperative process in
which RCA staff’ members work closely

Table I. Computer links and interfaces.

Dual DEC 10 (DRO!-CL) to DEC 10(DROI-CL) Parallel
Dual DEC 10 (DRO!-CL) to  GEC 4065 (special 1/F) Parallel
Dual DEC 10 (DMRI11-AB) to DEC 10 (DMRII-AB) Serial V35
Dual DEC 10 (DR0OI-CL) to VAX 11/730 (DRI IW) Paralle!
Dual DEC 10 (DROI1-CL) to PDP 11/MA (DRI11W) Parallel
Dual DEC 10 (DZI11A) to Modular One (DZ11A type) Serial V24
VAX 11/780 (DZ11A) 0o Modular One (DZ11A type) Serial V24

Dual DEC 10 (difterentialy to

Line printer (differential)

Paraliel

with customers” own research workers to
achieve a satisfactory solution. The group
has alrcady constructed microprocessor-
based equipment for many applications
within public bodies such as the Navy, a
Roval Ordnance Factory, and National-
ized Industries.

System requirements
and objectives

The fiber-optic communications network
was to have five nodes to connect the
computers listed in Table 1. The network,
shown in Fig. 1. would comprise a mix-
ture of parallel, serial asynchronous, and
serial svnchronous data links, and all the
links would be bidirectional. The longest
link (between buildings) would be approxi-
mately 440 meters, and the shortest tink

(inside the building) would be approxi-
mately 55 meters.

The data rates for the V24 serial asyn-
chronous links would be 9600 baud, and
the data rate for the V35 serial asyn-
chronous link would be 56 Kbaud. The
data rates for the high-speed parallel data
links are a function of the types of inter-
face boards used and the distance between
interfaces, and rates range between 250,000
and 500.000 words per second. depending
on the type of link. Two word lengths
would be transmitted by the system, the
lengths being 16 bits and 18 bits, again
dependent on the type of interface used.

The contract requirement was for RCA
to provide everything between the on-site
computers. This included the copper cables
between the computer interfaces and the
data-link equipment cabinets, the cabinets
including data-link clectronics and power

Location D

GEC
4065

Parallet

Location A

Location C
Location E Serial V35
Serial V24
Moduiar Dual DEC 10 DEC 10
One Parallel
Parallel o 1 Parallel
: |
o
o
b sl PDP 11,34
i T
Senal V24 11/780 Printe
L |

Location B

Fig. 1. Fiber-optic communications network. The diagram shows the distribution of data

links and computers in the five locations.

Ainsbury: Design, development and installation of a fiber-optic communications system

29




multiplexed approaches.

Table Il. Data transmission rates, using multiplexed and non-

Data-transmission rate

Approach (words/second)
Non-multiplexed. 300 meters 250 K
Multiplexed. 300 meters 217 K
Non-multiplexed. 30 meters 454 K
Multiplexed, 30 meters 357 K

supplics, and the fiber-optic cables between
data-link cabinets.

It was decided that RCA would be
responsible for the system design. equip-
ment production. installation, and contract
management. The equipment production
would include the cabinets, racks, power
supplies and line driver/receiver cards. but
not the fiber-optic components. A sub-
contractor, Focom Systems, was appointed
to supply the fiber-optic transmitter/re-
ceiver cards, connectors and cables, and
to assist with cable installation and
termination.

The main design aims were for the
equipment to be modular in construction
for ease of maintenance. and to facilitate
future modification and expansion. Stan-
dard commercial parts of good quality
were to be used where possible, to mini-
mize the design and production costs of
the system. The equipment was to be self-
contained, requiring connections only to
the computer interface boards. the build-
ing power supplies, and the fiber-optic
cables.

Background to Focom
Systems Limited

Focom Systems was formed in late 1979
to take over the Rank Optics fiber-draw-
ing plant when Rank decided to withdraw
from the fiber-optic business. Focom
started trading in January 1980 and the
majority of personnel within the company
are from the original team that developed
the Rank low-loss fiber-manufacturing pro-
cess. Focom rapidly developed a range of
optical fiber cables and terminal equip-
ment including high-speed multiplexers to
meet the practical needs of the computer,
process~control and closed-circuit-television
market.

This practical approach to the fiber-op-
tic market has allowed Focom to contract
for a wide variety of installations for both
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parallel high-speed data-transmission and
multiplexed computer systems. Approxi-
mately 50 percent of the current installa-

tions are direct or associated Ministry of

Defense equipment, the remainder being
with major commercial companies.
Focom is among the market leaders in
fiber-optics for short-haul and computer
interconnection in the United Kingdom,
and it is estimated that they currently
supply more than 60 percent of this mar-
ket. Focom mainly supplies short-haul
fiber-optic systems with transmission dis-
tances of a few meters to 2 km. But in-
stalled at English Clays in Cornwall is a
256-channel system operating over some
4 km, and transmission over 12 km has
been demonstrated with the standard Laser
Transmitted and Avalanche Photodiode

Receiver in Focom's 1600-series range of

equipment. A number of tests have been
carried out by RSRE on Focom and Rank
natural fused-silica and synthetic silica
fibers, mainly in the areas of low-temper-
ature and high-radiation levels. We
understand from the reports that the Plas-
tic-Clad Silica fibers. which have been used
for the current contract, have proved most
successful in these tests.

Design considerations—
parallel links

Two methods of implementing the high-
speed parallel data links were considered.
The first method was to link all the con-
trol- and data-signal lines directly, with
one fiber-optic cable per line. This method
was considered to be expensive on com-
ponents, using a large number of fiber-
optic transmitters and receivers, and a
large quantity of fiber-optic cable. The
second method was to multiplex some of
the signals, and transmit them serially
down one or more fiber-optic cables. This
method was initially considered less ex-

pensive on components, but introduced a
time delay in data transmission and thus
reduced the maximum transmission speed.

Both methods were examined in detail.
The study was based on data-link distan-
ces of 30 meters and 300 meters, which
were the original estimates provided by
the customer. It was concluded that mul-
tiplexing data on the parallel data links
between computers was feasible. However.
this conclusion was based on a limited
assessment of the data available and a
theoretical design study, and not on a
practical demonstration of a working sys-
tem. The following paragraphs consider
the relative merits of the multiplexed and
non-multiplexed approaches, with refer-
ence to data-transmission rates, cable re-
quirements, and data-link components.

The transmission rates in Table 11 were
based on the following system
parameters:

1. Back-to-back data-transmission time,
including handshaking protocol, was 2
microseconds.

2. Transmission time for 30 meters of
cable was 0.1 microsecond.

2, Multiplexing time for 8 bits was 0.6
microsecond.

The total amount of four-fiber cable re-
quired to implement four data links (ex-
cluding spare fibers) was as follows: non-
multiplexed data links required 9720
meters; and multiplexed data links re-
quired 4800 meters. The multiplexed sys-
tems would therefore reduce the cable re-
quirement by 4920 meters.

The reduction in fiber-optic cables re-
quired for the system would give a cor-
responding reduction in the labor re-
quirements for cable installation, termi-
nation, and testing. This reduction was
estimated to be approximately 5 man
weeks.

If the multiplexed data links were
adopted. the number of standard fiber-
optic transmitter/receiver modules re-
quired would be reduced from 216 to 74,
a saving of 142 modules. However, the
data links would require 18 high-speed
transmitter/receiver modules for the serial
transmission of the data bits. These high-
speed modules were considerably more
expensive than the standard low-speed
modules.

The multiplexed data links would also
require 18 special multiplexer boards and
8 special control and synchronization
boards. The design. development, and
manufacture of these boards would incur
a labor cost that would not be incurred if
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Fig. 2. Typical configuration of parallel-data-link equipment. This diagram illustrates part

of the Dual-DEC-10-to-DEC-10 link.

the non-multiplexed data links were to be
implemented.

Costs for the two parallel transmission
schemes were estimated and it was found
that the non-multiplexed method was only
10 percent more expensive than the multi-
plexed method. The saving in materials
by multiplexing was almost balanced by
the extra design and development labor
costs. The results of the study were pre-
sented to the customer and it was decided
to adopt the low-risk non-multiplexed
method of transmitting parallel data. The
block diagram of this method is shown in
Fig. 2.

Parallel link descriptions

Five parallel data links were provided.
These include three different types. listed
in Table HI.

The first type is the Dual DEC-10-to-
DEC-10 data link. which has a DROI-CL
interface unit at cach end. This interface
unit allows back-to-back parallel com-
munication between two DEC 10 com-
puters by means of two BCI1A ribbon
cables. which plug directly into the in-

terface-unit back-plane bus. The maximum
back-to-back distance is approximately 10
meters. The data-link interface equipment
supplied by RCA was designed to accept
two BCI1A cables and provided the cor-
rect termination and signal buffering. so
as to appear electrically identical to a
DROI-CL interface unit. A parallel inter-
face card with line drivers, line receivers,
and terminating resistors was constructed
to provide the correct computer interface.
This interface card was designed to ac-

commodate 12 input and 12 output sig-
nals. The other side of this interface card
was linked to the fiber-optic transmitter/
receiver cards. A total of 72 signal lines
were provided for this data link, 36 for
data and 36 for control and parity
signals.

The second tyvpe of parallel data link
had a Dual DEC 10 at the local end and
three different computers at the remote
end, the different computers being a GEC
4065, a DEC VAX 11/780 and a DEC

Table Hl. Link fibers and distances.

Number  Distance
Link Fibers (meters)
Dual DEC )/DEC 10 (parallel) 72 440
Dual DEC 1/GEC 4065 (paratlel) 44 440
Dual DEC 10/DEC 10 (serial V35) 4* 440
Duatl DEC 10/VAX 11/780 (parallel) 44 55
Dual DEC 10/PDP [1/34A (paraliel) 44 5S
Dual DEC 1)/MOD ONE (serial V24) 4* 175
VAX 11/780/MOD ONE (serial V24) 4* 150
Dual DEC 10/Line Printer (parallel) 20 55

*Including 2 spare fibers,
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Fig. 3. Typical configuration of serial-data-link equipment. The V24 cable carries the
normal RS232 data and handshaking signal lines.

PDP 11/34A. The Dual DEC 10 interface
units were all the DROI-CL. type: the VAX
11/780 and the PDP 11/34A had DRI11W
interfaces: and the GEC 4065 had an inter-
face unit configured to look like a DR11IB
interface. These three data links were de-
signed to accept a simple BC11A cable at
the local end. and two BCO8S-tvpe cables
at the remote end. The links used the
same type of parallel interface cards as
the DEC-10-t0-DEC-10 link. to terminate
the cable signals and connect them to the
fiber-optic transmitter/receiver cards. A
total of 43 signal lines were provided for
cach of these three data lines—32 for data
and 11 tor control and parity signals.

The third type of parallel data link was
between the Dual DEC 10 and a line
printer. which are normally connected by
a multi-core twisted-pair cable. The data-
link-intertace equipment was designed to
accept the standard DEC cables at the
computer end and at the line-printer end.

The equipment required another type of

interface card because the signals are al-
most all ditferential: this card was designed
to transmit and receive six differential sig-
nals and one TTL signal, and provide an
interface between the twisted-pair cables
and the fiber-optic transmitter/receiver
cards. A total of I8 signal lines were pro-
vided for this data line—8 for data and
10 for control and parity signals.

Serial link descriptions
Three serial data links were provided. The
seral block diagram is shown in Fig. 3.

These are in two different types and are
also listed in Table 111.
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The first type is between a CTL Modu-
lar One computer at the remote end and
two different computers at the local end,
these computers being a Dual DEC 10
and a VAX 11/780. These computers all
have DZ11A-type interface cards that pro-
vide full-duplex asynchronous serial com-
munication at a rate of 9600 baud. by
means of a V24 interface. The asvn-
chronous serial-data-link equipment
comprises a Focom FC 1612 V24 inter-
face card and a fiber-optic transmitter/
receiver card. and is connected to the com-
puters at cither end by standard V24
screened cables. The digital V24 signal is
fed in and out of the system through a
standard 25-pin D-tvpe connector mount-
ed on the rear of the equipment. This
connector provides all data and protocol
connections between the FC 1612 interface
card. The card serializes the Request-to
Send. Clear-to-Send data and feeds this at
TTL levels to the optical transmitter. The
signal. received at TTL levels from the
optical recetver, is separated into data and
protocol signals. and fed at V24 levels to
the output pin on the 25-pin D-type con-
nector. The interface card has a front
panel on which is mounted light-emitting-
diode (LED) status indicators and switches
to control local and remote loop-back
tests on the data link. Each serial data
link has a total of two cables. one for
transmitted data and one for reeived data.

The second type of serial data link is
between the Dual DEC 10 computer and
the DEC 10 computer. These computers
both have DMR11-AB interface cards that
provide full-duplex synchronous serial com-
munication by means of a V35 interface

at a rate of 56 Kbaud. The synchronous
serial-data-link equipment comprises a
Focom FC 1612D V35S interface card and
a fiber-optic transmitter/receiver card,
and is connected to the computers at either
end by screened twisted-pair cables with
MRAC connectors. The FC 1612D inter-
face card is very similar to the V24
interface card described above, except that
it accepts the differential inputs required
by the V35 convention.

Fiber-optic components

The fiber-optic components purchased
from the subcontractor included all fiber-
optic transmitter/receiver cards. serial
interface cards, cables, and connectors.

The transmitter/receiver cards. shown
in Fig. 4, were developed specifically for
this application. using existing circuit de-
signs but re-packaged to make optimum
use of the space available. RCA compo-
nents were used in both the logic and
clectro-optic circuits on this card. The
transmitter/receiver system is in two parts.
The first part is a single curocard printed-
circuit board with a TTL-tevel input and
output and some of the fiber-optic driv-
er/receiver circuitry, The second part is
the fiber-optic transmitter/receiver mod-
ules containing the high-gain driver/re-
ceiver circuits and fiber-optic connectors,
which are mounted on a special plate on
the rear of the card frame. and connected
to the card’s back-plane by means of a
ribbon cable.

The transmitter-input signal passes
through a buffer and drives a transistor
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Fig. 4. Fiber-optic transmitter/receiver modules, which provide an interface between the

fibers and the rack-mounted eurocard.

stage, where the bias and feedback are
added 1o produce the drive to the output
transistor, which in turn modulates the
output LED. The LED current is mon-
itored to prevent current overdrive, there-
by ensuring maximum life in the optical
transmitter. Controls on the card allow
for the independent adjustment of both
bias and modulation. The LED works in
the infrared spectrum with an emission
wavelength of 820 nm and a minimum
output of 200 pW into a 200-um-core
fiber. The data-transmission baudwidth is
de to 5 MHz (10 Mbit/s. non-return-
10-2¢T0).

The receiver module uses a pin diode as
the optical detector and requires a min-
imum signal level of 0.7 uW 1o give a 107
bit-error rate. The photocurrent from the
pin dinde is amplitied in a first-stage FET
integrated circuit. where an automatic gain
control (AGC) voltage is derived. which
controls the amount of photocurrent reach-
ing the second-stage high-gain amplifier.
The signal is then fed to a dual-threshold
Schmutt trigger to recover the data. The
maximum transmission distance with this

svstern is 800 nm. using 25-dB/km optical
fiber.

The front panel of the transmitter/re-
ceiver card has two LED indicators that
display the status of the transmitter and
receiver circuits and indicate correctly oper-
ating data links. These status-indication
signals are also taken off the card and
used by the data-link monitoring
equipment.

The cable used in this installation con-
tains four 200-um-core plastic-clad silica
fibers, with an attenuation of less than 25
dB/km. Each fiber has a silicone cladding
to 380 um and a Tetzel™ jacket with an
overall diameter of 600 um. The four fi-
bers are laid in a 6-mm Name-retardant
polyethylene sheath that is reinforced with
three Kevlar™ strength members. which
gives the overall construction a tensile
strength in excess of 90 kg. This cable can
be pulled into carthenware, plastic, or met-
al ducting in straight pulls of up to I km.
The fibers have a 3-dB bandwidth of 25
MHz-km, a minimum static-bend radius
of 90 mm and a temperature rating from
—10°C 10 +70°C.

Ainsbury: Design, development and installation of a fiber-optic communications system

Fig. 5. SMA connector. This type of con-
nector is widely used in Europe and pro-
vides a simple method o* terminating the
fiber and cable sheath.

Each optical fiber terminates in a single
SMA-style optical connector, shown in
Fig. 5. manufactured in France by Radi-
all. The connectors are crimped to the
200-um-core fiber and then cleaved to
provide the optically finished face. The
crimp-and-cleave connector has several ad-
vantages over the earlier connectors, which
were potted and then ground and pol-
ished. With the crimp-and-cleave connec-
tor. the termination time for each fiber
end has been reduced tfrom something
like 20-10-30 minutes to a matter of 5-to-
10 minutes depending on the accessibility
of the cable. In addition, the repeatability
of the fiber end has been considerably
increased. because the crimping and cleav-
ing is controtled by the crimp tool and
ckaving jigs. Because the tooling, rather
than the technician. now controls the
termination of the cable. relatively un-
skilled operators can terminate fiber-optic
cables quickly and casily.

An advantage in this particular instal-
lation was that the cables could be pulled
through wet and dirty ducts with the min-
itnum of protection on the cable ends, the
ciables were then terminated after installa-
tion in a clean environment. Factory-ter-
minated cable would have required a large
degree of protection during the cable-
pulling operation, and would most cer-
tainly have suffered connector damage.

Cabinet design

The data-link equipment at each of the
five nodes in the network is contained in
a standard commercial 19-inch cabinet.
The five cabinets vary in height according
to» the number of card frames required tor
each location, the smallest being 3-U high
and the largest 39-U high (the U unit is
the European standard measurement for
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cabinet height, and is approximately 1%
inches). The four largest cabinets (33 U
and 39 U) have front and rear doors that
allow easy access to both card frames and
cables. These cabinets also contain 19-
inch rack-mounting power-supply subas-
semblies. which were specially construct-
ed to provide the power for the card
frames. The power distribution is by means
of heavy-duty bus bars attached to the
side of each cabinet; the bus bars accept
push-on spade connectors at half-inch
intervals, and were incorporated in the
design to keep the cabinet wiring as sim-
ple as possible.

The data-link printed-circuit boards are
all single eurocard size. 100 mm by 160
mm, with a 25-mm front panel and a
European DIN standard 41612 two-part
edge connector at the rear. Two sizes of
DIN connectors were used, 32 pins in a
64 shell and 64 pins in a 96 shell. These
connectors all had wire-wrap pins and
covered the pin-out requirements on all
the different boards in the system. The
front panels were used to mount LED
indicators and test switches. The panels
also had locking screws to fasten the cards
into the card frames.

The printed-circuit boards for each data
link were plugged into standard 19-inch
rack-mounting card frames. The most com-
plex link (DEC 10 to DEC 10) required
three frames, bolted together using tie-
bars to create a subassembly that was
wired as one unit before installation in
the cabinet. The simple serial-data-link
node required only one card frame, which
held the cards for two V24 links and the
rack-mounting power-supply cards. Each
card frame was fitted with a seven-line
printed-circuit-board back-plane mounted
on the rear of the DIN card. The remain-
ing three tracks were for two fault signals
and a board-in-place signal. The compu-
ter-interface cable connectors were also
mounted on the rear of the card frame.
Small printed circuit boards were built to
mount the two types of parallel connec-
tors, with tracks taken to wire-wrap pins,
to facilitate wiring to the wire-wrap pins
on the DIN sockets.

A special mounting plate was con-
structed to hold 12 fiber-optic transmit-
ter/receiver modules and serial interface
connectors. This plate was attached to the
rear of the card frame and was designed
to hinge down, thus providing access to
the back-plane and computer-interface con-
nectors. The transmitter/receiver modules
were mounted one above the other on a
one-inch panel, and attached individually
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Fig. 6. Installation of the cable ducts. This shows the cable sock that attaches the draw
rope to the cable bundle.

to the mounting plate by quick-release
fasteners. The modules were connected to
their associated driver/receiver boards by
short ribbon cables, which plugged onto
the wire-wrap pins on the rear of the DIN
connector. Viewed from the rear, the rack
layout was such that computer cables were
routed up the right side of the cabinet,
and the fiber-optic cables were routed up
the left side of the cabinet.

Each data-link subassembly of one. two,
or three card frames included a specially
designed monitor card. The function of
this card was to monitor the three power-
supply voltages, the board-in-place signal
from the cards in the racks, and the trans-
mitter and receiver fault signals from the
fiber-optic driver/receiver cards. The ob-
ject of the card was to provide a system
normal signal that could be displayed lo-
cally on each data-link subassembly, sum-
marized on the front panel of each cab-
inet. and displayed remotely as a link-
alarm signal.

The power-supply subassemblies were
specially constructed in 6-U high 19-inch
rack-mounted card frames. and four units
were built and mounted in the rear of the
four large cabinets. These units were de-

signed to accommodate three types of com-
mercial power supplies: these were S-volt
and 12-volt linear supplies and 12-volt
high-current switched-mode supplies. The
numbers of each type in the four power-
supply subassemblies varied according to
the needs of the individual cabinets. This
modular approach to the construction of
the power supplies meant that only three
different types were used in the whole sys-
tem and. therefore, the number of spare
power supplies could be kept 1o a min-
imum. The 5-volt and 12-volt supplies
were plug-in boards and were used for
the TTL logic and the fiber-optic receiver
bias. The 12-volt switched-mode supplies
(10-amp versions) were used to provide
the fiber-optic transmitter drive current.
and the largest cabinet required approxi-
mately 25 amps. All the power-supply
units were fitted with filters, to ensure
that transmitted interference from the build-
ing power supplies was kept to a min-
imum. The power-supply subassemblies
were fitted with a front panel with the
cabinet mains switch and LED indicators
for each voltage rail. The two largest
cabinets were also fitted with fans to pro-
vide forced air cooling.
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System installation

The svstem installation was in two parts,
the first being the cable installation. ter-
mination and test. The fiber-optic cable
runs between buildings were laid under-
ground in 4-inch plastic ducts, with in-
spection pits where the ducts change di-
rection (Fig. 6). The longest run between
nodes was 440 meters and required 31
four-way cables. The cables were pulled
in the same way as normal electrical cable,
using a cable sock and draw ropes in the
ducts. Care was taken where the cable
changed direction, and it was important
to maintain a certain minimum bend ra-
dius so as not to damage the optical fi-
bers. Inside the buildings. the cable was
laid in standard trunking. The installation
team fortunately chose a dry day for the

job, and in that day laid over 13%: km of

cable.

At each computer location, the cables
were brought in under a false floor and
terminated in die-cast-aluminum splitter
boxes The purpose of these boxes was to
clamp the outer sheath of the four-way
cable. split the optical fibers into
four individually sleaved cables, and clamp
the outer sheaths of of these single-fiber
cables (Fig. 7). These cables were then
terminated with the SMA-type connectors
described previously. Every fiber and con-
nector in the network was tested for con-
tinuity first of all and then attenuation. to
ensure that all optical fibers were contin-
uous and correctly terminated. In the
whole installation, only one fiber was
found to be broken. Fortunately. it was
part of an inside run of only 55 meters.
The total amount of four-fiber cable used
in the installation was 15% km and re-
quired approximately 500 SMA
connectors.

The equipment cabinets were fully tested
at Guisborough before being shipped to
Malvern for installation, commissioning.
and system test. A special test unit was
built 10 inject 100-ns squarewave or pulse
signak into the computer interface cables
and test the individual data paths between
all the computers in the network. The on-
site system and acceptance tests included
the running of communications software
and the transmission of test messages be-
tween all computers. The completed sys-

Fig. 7. The cable-splitter box, which splits the fibers from 2 four-way cables and clamps

the outer sheaths.

tem provides RSRE Malvern with a secure,
versatile and reliable fiber-optic com-
munications system.

In conclusion. the contract has been
extremely valuable to the RCA Systems
Services group, it has been a useful design
exercise 1n a new area of technology, and

it has provided the group with experience
in a rapidly expanding field. Fiber-optic
communications will be used on an in-
creasing scale in both industrial and mil-
itary applications. and the experience
gained on this contract should provide
RCA with similar business in the future.

Ainsbury: Design, development and installation of a fiber-optic communications system

David Ainsbury is Leader, Microsystems
Development Group, RCA Systems Servi-
ces Limited. He joined RCA in September,
1971, as a programmer analyst on the
BMEWS system. He has worked on the
software and hardware of a large variety of
industrial and military microsystems, and
has over 15 years of experience in the
electronics and computer industry.

Contact him at

RCA Systems Services Limited

9a-11a Market Place

Guisborough, Cleveland (Great Britain)
TS14 6BN
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Data recording
on optical discs
at 300 Mb/s

The tracks are 0.4-um wide, the disc
capacity is 6.25 gigabytes with each
disc side holding the equivalent of
50,000 images, the data rates are 300
Mb/s, and the potential is being
realized at the Advanced Technology

Laboratories in Camden.

Typical trilayer optical disc.

Abstract: Oprical disc recorder sysiems
are being developed for ulira-high data
rate, high-density storage applications.
These systems use multiple, independently
modulated laser beams 1o simultaneously
record closely spaced tracks of data, with
close 1o diffraction-limited performance.
The record-and-playvback source for
these systems is an argon laser whose out-
put is efficiently split into the number of
beams needed 10 achieve the desired data
rates. The recording beams are passed

through a multiple transducer A-O modu-
lator 10 encode the information 10 be
recorded. An optical system focuses the
modulated beams onto the record disc. A
second set of low-power unmodulated
beams pass through the same optical sys-
tem and are focused onto the optical disc
10 allow data verification plavback while
recording is in progress. These same
beams are used for normal plavback dur-
ing subsequent data-retrieval operations.

Thc optical disc has become a viable
candidate for archival mass digital data
storage svstems. The write-once read-
many-times characteristic of todayv’s laser-
ablated. thin-metal-film disc structures is
well suited to data bases that must remain
intact for many vears. The materials used
in optical disces allow tor potentially long
periods of storage without stringent en-
vironmental controls. The high storage

€1982 RCA Corporation
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densities associated with diffraction-limited
optical systems provide a cost per recorded
bit that is an order-of-magnitude lower
than with any other media.

This article describes a design approach
for a wideband optical disc data-recorder
system. The approach is based on split-
ting the output of a single laser into mul-
tiple beams, which are independently modu-
lated and used to simultancously record
multiple tracks of data at high rates onto
a trilayer optical disc.

An engineering model has been devel-
oped to verify the feasibility of this ap-

proach. It can record 5 X 10" bits of data
on one side of an optical disc at user rates
of 300 Mb/s. This system has achieved a
bit-crror rate of one in 10* while allowing
access to any block of data in less than
0.5 s. Achievement of these results re-
quired the generation of multiple laser
spots tocused into a 0.4-pm diameter and
spaced on 1.25-um centers. These record
spots had to be a minimum of 15 mW in
amplitude and modulated at up to 50
Mb/s. In addition, a set of unmodulated
collincar low-power spots were required
for playback and data-verification
purposes.

The basic optical disc system

Figure 1 is a basic block diagram for an
optical disc system. A modulated laser
beam is focused onto a rotating disc to
form a series of “pits™ arranged into a
circular track. The record process involves
melting the thin metal film on the disc to
permanently ablate the surface and store
the desired information. Readout is accom-
plished by lowering the laser power to
inhibit ablation, removing the modulation,

RCA Engineer ¢ 27-3 ¢ May/June 1982



I OPTICAL DISC J
&
Y
F R
FOCUS OCUS SENSO MOTOR
SERMO FOCUS LENS MOTOR
AND TACHOMETER SERVO
TRANSDUCER
3
B )
-»{ MODULATOR |— --» OPTICS —e——d =g TRACK
LASER LATO! ft— N
11
=
| TRANSLATION
‘ STAGE
DATA TRACK
DETECTOR SERVO
RECORD PLAYBACK
SIGNAL SIGNAL CONTROLS:
PROCESSING PROCESSING MODE, SPEED, ETC
INPUT OUTPUT MODE

Fig. 1. Operation of the basic optical disc system.

and sensing the reflected light from the
disc’s surface.

Three servo systems are used. A focus
servo keeps the laser beam focused. in the
presence of surface uneveness, to a dif-
fraction-limited spot on the disc’s surface.
A track servo follows the recorded tracks
during readout. correcting for eccentrici-
ties due to imperfect centering. A motor
servo maintains a constant disc speed. to
record and play back at a fixed data rate.

The heart of the optical disc system is
the unique “trilayer” optical disc.* This
article’s lead illustration (p. 36) is a pho-
tograph of this disc and a sectional view
of its structure is shown in Fig. 2. The
disc is formed by depositing a number of
lavers onto a substrate that is similar in
size and shape to an ordinary audio-LP
record. The trilayer section of the disc is
designed as an antireflection structure and
it absorbs almost all of the incident laser
light. The thin-metal ablation layer is melt-
ed by the laser radiation to expose the
reflector laver. The function of the trans-
parent overcoat is to protect the trilayer
section from handling. and to prevent op-
tical blockage from dust particles and
small scratches. The advantage of the tri-
layer optical disc is that recording can
take place in a very thin (7.5-nm) layer
that is completely encapsulated. This yields

*See article in this issue, “High density optical re-
cording using diode lasers.” R.A. Bartolini, er al.
Also, see references | and 2.

good signal-to-noise and playback con-
trast. as well as high sensitivity and im-
munity to environmental effects. The tri-
layer structure is also easily modified to
accommodate lasers of various wave-
lengths (HeNe. GaAs). This is done by
changing the thicknesses of the metal abla-
tion and dielectric lavers to achieve the
antireflection condition at the laser
wavelength.

Data path

The data path of the digital optical disc
system is illustrated in Fig. 3. User data is
fed into the input-buffer portion of the
svstem. This circuitry allows data to flow
into the system on a continuous basis,
and to be transmitted for addition of over-
head information on a demand basis. Data
from the input buffer goes to the record
formatters in bursts called sub-blocks.
Each sub-block is passed through an error-
detection-and-correction (EDAC) encoder
that adds parity bits for subsequent error
protection during playback. The record
formatter then groups the sub-blocks into
address blocks onto which is added ad-
dress information to facilitate data re-
trieval on playback. Finally, the record
formatter groups the address blocks into
user-oriented blocks that match a conve-
nient subset of the data to be recorded
and retrieved.

Formatted data from the record for-
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— e e—— - —— - — OPTICAL PATH
ELECTRICAL PATH

matter is sent to the record electronics
portion of the disc-drive unit. Here the
data is encoded into the delay-modula-
tion-recording code used to transfer data
on and off the optical disc. The record
electronics also adds special syne symbols
to the encoded data pattern. These sym-
bols are used to identify the start of the
sub-blocks and address blocks on play-
back. The formatted and encoded data
from the record electronics is fed to the
laser modulator portion of the record/read
station.

TRANSPARENT
OVERCOAT

mETAL

TRANSPARENT DHELECTRIC

SR AEFLECTOR S ANSNNN

I TRILAVER

SUBSTRATE

Fig. 2 Sectional view of trilayer structure
showing the protective overcoat. The tri-
layer structure is composed of a metal re-
cording-layer, spacer, and reflector, on the
disc substrate.
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Fig. 3. Digital optical disc data flow from data source to playback data.

The record/read station provides the
functions that allow data to be recorded
onto a disc and plaved back. This includes
the generation and modulation of the ar-
gon-laser beam used for recording, as well
as the servo and optics functions for fo-
cusing the beam onto the optical disc to
form data “pits.” On playback. a second
lower-power unmodulated beam from the
argon laser illuminates the data “pits™ on
the disc. Retlected light is detected and
demodulated in the play electronics and
sent to the play-formatter portion of the
controller unit.

The play tormatter corrects any crrors
in the data and strips oft the address
overhead information used for track iden-
tification during high-speed access. The
resultant playback data is fed to the out-
put buffer for subsequent transter to the
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user. This bufter “de-skews™ the data and
presents it to the user as a continuous
strean.

Error control

The integrity of the data stored in the dig-
ital optical disc svstem is maintained
through the use of several error-control”
measures, as illustrated in Fig. 4.

Because the major error sources are
media related. the quality of the disc sub-
strate and subsequent coatings must be
controlled to minimize dropouts or voids
in the coatings, and surface irregularities.
The effects of dust particles and scratches
can be minimized by the use of a protec-
tive overcoat that places them out of focus
with respect to the active layvers on the
disc. The overcoat will also protect the

active layers from contaminants that could
speed aging of the disc. Additional con-
rol of the potential errors due to dust
and mishandhing is achieved through the
use of a protective cartridge. The result is
that only the very small particles are able
to penetrate the cartridge and accumulate
on the disc. Because of their small size,
the effect of these particles is essentially
climinated by the overcoat.

The basic error-management philosophy
that has been implemented at RCA in-
volves a combination of write-veritication
(read-while-write). rewrite, and EDAC
techmques. These techniques are aug-
mented by specifically designed data tor-
mats, data-encoding techniques. equaliza-
tion techniques. and the high signal-to-
noise ratio (during playback) of RCA's
trilayer disc structure.

RCA Engineer » 27-3 « May/June 1982
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Fig. 4. Flow diagram of error control approach. This diagram shows the philosophy used
to achieve ultimate bit-error rates of less than 10™® and an archival lifetime.

As indicated in Fig. 4, the read-while-
write and the rewrite functions are inde-
pendent of the EDAC processing in that
the written data is verified in its EDAC-
encoded form, and rewrite decisions are
made before the data is corrected by the
EDAC circuitry. This approach was cho-
sen so that at the time of recording, the
bit-error-rate performance of the system
would be met using only a fraction of the
EDAC capability. The task of the EDAC
subsystem then is to protect the data from
aging or use-related problems, such as
dust or *“soft™ errors caused by tracking-
or focus-subsystem disturbances.

A 300-Mb/s
recorder/player system

Multibeam optical system

Figure 5 shows the optical system for the
engineering model of a 300-Mb/s nine-
beam recorder system. Because of the need
to record at high data rates and high
packing density, an argon laser was se-
lected as the recording source. Its high
output power (approximately 2 W) and
short wavelength (0.488 um) are ideally
suited to these requirements. This laser's
output beam is first passed through a
primary beamsplitter (BS) that allows 95
percent of the beam to be passed through
to the record beamsplitter. The record
beamsplitter efficiently divides the single
high-power argon-laser beam into nine

separate beams with equal amplitudes. The
equal-amplitude beams are passed through
a multichannel modulator that indepen-
dently impresses each beam with the infor-
mation (m, through ms) to be recorded.

The modulated beams are passed
through the beam-combiner optics, which
merge them with an equal number of
unmodulated lower-power beams to be
used for playback. These playback beams
are obtained by passing 5 percent of the
argon laser’s output through a play beam-
splitter. The polarization of these beams
is set to allow them to pass through the
polarizing beamsplitter and quarter-wave
plate (A/4) to the beam-combiner optics
with minimum attenuation.

The beam combiner aligns the record
and play beams so that they can be passed
through a common optical system to the
optical disc. The beams are first expanded
to collimate them and provide the magni-
fication needed to fill the objective lens
and allow the formation of diffraction-
limited spots on the optical disc. As shown
in the inset of Fig. 5. the record spots (R)
are aligned on the disc to form closely
spaced parallel circular tracks of data.
These spots have sufficient power to ablate
the optical disc to form pits with reflectiv-
ities much higher than the normally ab-
sorptive disc surface. The play spots (P)
are aligned to be collinear with the re-
corded tracks at a point where they allow
readout of the data just after it is record-
ed. Light from the playback spots is re-
flected by the recorded pits on the disc
and passed back through the optical sys-
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tem to the polarizing beamsplitter. At this
point. light polarization has been changed
by 90 degrees (two passes through A/4)
and the light is directed to the nine-ele-
ment detector array. The changes in disc
reflectivity introduced during the record-
ing are then converted back into electrical
signals (4) containing the recorded infor-
mation. Playback is used during record-
ing to verify that the information has been
recorded properly. When recording errors
are detected, these data are re-recorded
until no errors are detected.

The same play spots are used for play-
back subsequent to recording. Here
though. a tracking servo is required to
keep the play spots properly aligned to
the data tracks. To accomplish this, the
galvo is used to steer the play beams
along the radial disc direction. A dither
tracking servo® drives the galvo to lock
the beams to the tracks. This, in combi-
nation with readout of the track's address,
allows the play spots to be lined up with
the proper set of recorded tracks.

A focus servo is required, also, for prop-
er operation of this optical system. The
focus servo is needed to keep the objec-
tive lens at the proper distance from the
optical disc to form diffraction-limited
spots during record and playback. The
elements for this servo are not shown in
Fig. 5. but the scheme employed involves
using a separate laser beam (HeNe) pass-
ing through one side of the objective and
reflecting back to a split detector. The
detector is aligned such that at focus, the
reflected spot is centered: out of focus,
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Fig. 5. Functions of the multibeam recorder optical system illustrating the techniques
used to create read-and-write spots at the disc and also to play the disc.

the spot moves to one side of the
detector.

Key system components

Several key components were required to
implement the multibeam optical disc re-
corder. A series of design trade-otfs was
conducted to select the best approaches
for cach component development. The
most important sclection criteria were op-
tical efficiency, alignment stability, and
ease of construction.

Record/playback beamsplitters. The op-
timum approach to beamsplitting was
through the use of a complex phase grat-
ing. The phase grating was designed by
adapting the techniques of Lee.* Beam
patterns were calculated by summing the
pattern from cach portion of the grating
lying within the beam and by considering
cach sector as a slit. The results of these
calculations are shown in Fig. 6 for a
nine-beam grating. The residual deviation
between beams in the nine-beam case was
reduced (theoretically) to %1 percent from
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the average for a grating of 141-um period
and 39-, 28-, 9.5-, 27-, 9.5-, and 28-um slit
widths: all with a phase shft of 77.3
degrees.

The nine-beam grating was constructed
using integrated circuit (1C) techniques. A
metal master was made using the 1C mas-
tering equipment at the Solid State Div-
ision facilities in Somerville. This master
was accurate to 10.25 um. Replication
into a phase grating was accomplished in
the silicon-on-sapphire processing facility
in Princeton. An SiO; layer was grown on
a sapphire window using chemical vapor
deposition. Plasma etching of the photo-
resist was used to achieve very high accu-
racy in the final replication. A photo-
micrograph of the nine-beam grating is
shown in Fig. 7, along with a photograph
of the spots formed when a laser beam
was passed through it. The relative inten-
sities of the spots (488 nm) are within 16
percent of the average, and the overall
grating efficiency puts 68 percent of the
input laser beam into the nine output
beams.

Multichannel modulator. The multi-
channel modulator selected for the nine-
beam system was developed by Harris,

05 1
04 "

”IW' ARATARINL A

02
o0
0 -
-5 4 -3-2-1 01 23 4 5
DIFFRACTION ORDER OF BEAM
9-BEAM

INTENSITY (lo)

Fig. 6. Calculated beam intensity distribu-
tion for a phase grating having slit widths
of 39-um, 28-um, 9.5-um, 27-pm, 9.5-um,
and 28-um. This pattern is repeated sev-
eral times. The phase steps alternate +£77.3
degrees at the laser wavelength.
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Fig. 7. Nine-beam grating measurements. (a) Photomicrograph illustrating construction.

(b) Output spots showing nine nearly equal spots, pius lower-intensity higher orders.

Inc. It consists of a 3.5-inch by 3.5-inch
by 1.75-inch head and a rack-mounted
electronics enclosure. Specifications are
summarized in Table I. The head, shown
in Fig. 8, consists of a housing, the modu-
lator crystal with transducers, transmission
lines, matching networks, and 10 SMA
connectors. The modulator crystal is fab-
ricated with 10 separate transducers bond-
ed 1o the crystal. Separations are 300 um.
Although light inputs and outputs are par-
allel, they are displaced by 18 mm because
the crysial is fabricated with nonparallel
input and output faces. This allows ease
of access 10 a region close to the trans-
ducers without obstruction by the mount.

The modulator driver consists of a sin-
gle-oscillator power splitter and 10 rf modu-
lators, followed by individual linear gain
stages. Individual switches are supplied to
enable each channel. A master switch on
the rear panel provides a cw signal on

each enabled channel for test purposes.
Inputs are differential emitter-coupled log-
ic (ECL) using Twinax, and each line is
terminated in 50 ohms.

Mulii-elemen: detector. The ntulti-
element detector selected for the nine-beam

system is a nine-element hybrid avalanche
photodiode array, shown in Fig. 9. This
array, fabricated by RCA, Lud., consists
of nine chips normally fabricaled as the
C30817 avalanche photodiode. The
chips are mounted on a custam hybrid sub-

Fig. 8. The 10-channel, 50-Mb/s/channel acousto-optic light-

modulator head.
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Fig. 9. Nine-avalanche-diode-photodetector array used for play-
back detection in the system.
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Fig. 10. Nine-beam optical system layout with the laser-beam paths shown.

strate. Leads are bonded and the package
is hermetically sealed. This detector was
selected because of its high bandwidth
and sensitivity, which provides the great-
estoperational flexibility for the optical
disc system.

System implementation

The optical layout for the nine-beam 300-
Mb/s optical disc recorder plaver is shown
in Fig. 10. This system uses two nine-

Fig. 11. Wideband Recorder/Reproducer optics platiorm showing multibeam source and
detector.
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beam phase gratings for beamsplitting, the
ten-channel acousto-optic modulator, and
the nine-clement avalanche detector array
as key components. In addition, a HeNe
laser and associated optics with a split
detector are used in an optical focus servo
system. An acousto-optic deflector is used
to dither the play beams for closed-loop
tracking during playback. The optical head
and associated components are mounted
on a high-speed translation stage that de-
termines where the tracks are placed dur-
ing recording and provides high-speed ac-
cess during playback.

Figure 11 shows the actual optical sys-
tem. Figure 12 is a photomicrograph of
tracks formed on an optical disc with this
system. Track spacing is 1.0 um and track
width is about 0.4 um. Figure 12 also
shows playback waveforms. These wave-
forms were taken at a point in the system
where the photodetector’s outputs are
equalized to correct for aperture response.
The data being played back is a pseudo-
random pattern at a user rate of 33 173
Mb/s per channel. This information is
encoded using detay modulation that has
transitions at selected intervals of one-half
a bit period. This type of photograph is
normally referred to as an “‘eve™ pattern
because it shows all possible transitions
superimposed and provides a qualitative
measure of system performance by the

RCA Engineer o 27-3 o May/June 1982
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Fig. 12. Performance results from nine-
beam system. (a) Photomicrograph of nine
tracks with encoded data recorded on the
optical disc. Tracks are 1-um apart and the
minimum hole size is about 0.4 um. (b)
Playback from three of the system’s nine
channels, showing the detection window
used for decoding.

amount of clear space (eye) between half-
bit cells.

Conclusions

The 300-Mb/s optical disc recorder model
has proven the feasibility of wideband dig-
ital recording on optical discs. The tech-
niques for splitting the laser into multiple
beams, the multichannel light modulator.
and the photodetector array provide a re-
liable method for recording and playing
multiple tracks through a single optical
system. Optical disc recording systems sim-
ilar to the one described here will become
a key element in the collection, exploita-
tion, and dissemination of wideband dig-
ital data.
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Space applications of lidar

Lidar (LIght Detection And Ranging) is a laser radar that can
actively measure atmospheric properties and constitutents,
promising better resolution and accuracy than now obtained via

passive remote sensing.

Abstract: Lidar (an acronym for Llght
Detection And Ranging) systems consist of
a laser source and appropriate receiver to
detect and measure properties of scattered
radiation. The particular property to be
measured will depend upon the laser wave-
length, detection mechanism. and param-
eters of the atmosphere. Ground-based and
airborne systems have been developed
since the mid-1960s to provide point mea-
surement of parameters such as aerosol
distribution, cloud height, pollution con-
centration, and wind speed. Due to the
advancing state-of-the-ari, lidar systems
are presently being proposed as the next

generation of satellite sensors providing
meteorological and atmospheric constitu-
ent measurements on a global basis.

The basic principles involved will be
described as well as system requirements

Sfor space application. Typical applications

of lidar. for both terrestrial and space-
borne systems, will be provided with com-
parison to present non-lidar approaches to
similar measurements. Emphasis will be
placed on 1wo specific systems, for wind
sensing and for range-resolved constituent
measurements, which have been analyzed
as part of an in-house effort.

As the manufacturer of low-earth-orbit-
ing meteorological satellites, RCA Astro-
Electronics has a vested interest in the
pavloads (sensors) of these spacecraft. The
present sensor complement includes in-
frared sounders that measure temperature
and water-vapor profiles of the at-
mosphere. Output data from these instru-
ments are used as inputs into the present
global circulation models to aid in weather
forecasting. These sounders radiometrically
measure the emitted and reflected radia-
tion from the carth and its atmosphere in
specific channels or bands chosen because
of their absorption characteristics. The
actual geophysical parameters are then ob-
tained via an inversion technique that can
in some cases require lengthy calculations
and large amounts of “ground-truth™
data.

* The sounders are ultimately limited by
atmospheric physics as to how accurately

©1982 RCA Corporation
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they can provide measurements of required
parameters. Even a “perfect™ instrument
based on passive techniques would vield
temperature measurements with a vertical
resolution of only 4 to 8 km; for these
broad lavers, current accuracies in
sounder-derived temperature measurments
are on the order of 2.5 K. Spaceborne lidar
(LIght Detection And Ranging) systems

have the potential to measure profiles of

temperature, water vapor, and ozone with
finer vertical resolution and better accu-
racy than present sensors. They also have
the capability of obtaining parameters here-
tofore unmeasurable via passive remote
sensing. Ground-based and airborne li-
dars have been in development since the
mid-1960s and have evolved into reliable

systems capable of measuring a myriad of

atmospheric properties and constituents.
As the acronym implies. a lidar is, in
effect. a laser radar that in general con-
sists of a laser transmitter and an appro-
priate receiver (that is, a collecting mirror
and detecting system).

The basic equation relating the received
power (P,) to transmitted power (P,) for a
monostatic pulsed lidar is given by:

ct A

P'=P'2 RZT (I)

Because the lidar is a radar. equation
(1) is similar to the radar equation where-
in A4 is the collector area, 7 is the atmos-
pheric transmission, and R is the range to
the target. A major difference between
this and typical radars is the R? depen-
dence. The reason for lidar's R® depen-
dence is that the illumination area is the
same size as the lidar target, usually a
portion of the atmosphere. If the target is
smaller than the illumination area, as for
conventional radars, an R* dependence
appears instead. The pulse length is 7, and
the backscatter coefficient, 8. has units of
m™' st™". The scattering is usually due to
aerosols and/or molecules, depending on
the wavelength and the state of the at-
mosphere. The product B(ct/2) is equiv-
alent to the scattering cross section of the
atmosphere. The transmission term ac-
counts for the round-trip losses due to
molecular absorption and aerosol extine-
tion. The finest vertical resolution obtain-
able for a lidar is given by ¢t/2 (typically
10 to 100 meters).

Lidar applications

In 1977, NASA commissioned an interna-
tional team of scientists and engineers to
develop a series of experiments demon-
strating the unique capabilities of lidar
systems from spaceborne platforms. As a
result of that effort, 26 experiments were
defined for demonstration from the Space
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Table I. Shuttle multi-user lidar experiments. A compilation of 26 experiments proposed
for demonstration from a multi-user lidar system onboard the Shuttle. In general, the sys-
tem complexity of the measurement follows the ordering of the experiment (from NASA

SP-433).

Experiment

Wavelengih Region

Measure cloud top height
Profiles of troposopheric clouds and aerosols
Cirrus ice/water discrimination

Profiles of noctilucent clouds and circumpolar
particulate layers

Earth surface albedo measurement
Stratospheric aerosol backscatter profiles
Alkali atom density profiles

lonospheric metal ion distributions
Water-vapor profiles

Atmospheric species measurements—IR laser
ground and cloud returns

Chemical release diagnostics
Stratospheric ozone concentration profiles

Upper atmospheric trace species measurement
using two-satellite earth occultation

Sodium temperature and winds

Surface pressure and cloud top pressure and
height measurement

Vertical profiles of atmospheric pressure

Troposphere/tropopause temperature profiles

Altitude distribution of atmospheric constitutents

IR DIAL

Measure cloud top winds to £5 m/sec

Acrosol winds between ground and 30 km altitude

OH-density profiles 35 to 100 km

Simultaneous measurement of metallic atom, ion

and oxide profiles

Tropospheric NO; concentration profile — total
burden of NO;

Stratospheric acrosol composition

NO density profiles between 70- and 150-km altitude

Abundance and vertical profiles of atomic oxygen

53071060 nm
53071060 nm
530 nm

53071060 nm

530/1060 nm
530/1060 nm
589/671/770 nm

280 nm and other resonance lines
Two. near 720 and 940 nm

Two. in the 9- to 11-um range

Several in the 400- to 600-nm range

265 nm to 300 nm

Two. in the 9- to 11-um region

Or scanning laser
589 nm

Two, near 760 nm

Two. near 760 nm

Two. near 760 nm

Two. in the 9- to 11-um range

350 nmto 1100 nm +9to |l um

0.35t0 11 um
~ 300 nm

280, 285, 500 nm
(three simultaneous)

442 + 448 nm
(two simultaneous)

9toll um
21510 227 nm

225-nm transmit, 844.9-nm receive

Shuttle. These experiments are listed in
Table 1.

As can be seen, lidar applications are
varied and numerous. The simplest of all
measurements is ranging to a “hard" tar-
get (for example, the earth) or a “soft”
target (for example. clouds), because the
large scattering from these targets con-
tributes to a large return signal. By using
polarization discrimination, the ratio of
ice crystals to water droplets in clouds
can also be determined. The vertical pro-
file of aerosols is more difficult to mea-
sure, because of the smaller return signal
from aerosol scattering. Even more diffi-
cult are measurements of temperature and
pressure profiles, because they require a
pulsed tunable laser with a narrow band-
width and high stability. However,
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ground-based demonstrations have already
been performed, and aircraft measure-
ments are being planned by NASA for
the near future.

Another application for lidar systems is
atmospheric constituent detection/monitor-
ing. The types of constituents that can be
measured are limited only by the wave-
lengths of absorption lines and the avail-
ability of laser sources that coincide with
those wavelengths. Typical constituents con-
sidered to date are ozone, pollutants (such
as sulfur dioxide emanating from electric
power plants), carbon monoxide, and chem-
ical agents.

Among the other applications of lidars
are those for oceanic research (for exam-
ple. bathymetry, sea state, detection of oil
spills). topography. and earth-resource de-

tection. These include global geological
surveys employing ranging to earth-based
retroreflectors and. at the same time,
studies of the earth’s crustal dynamics
and tectonic plate motions. Finally, certain
satellites are expected to have laser range
finders on board to topographically map
the polar ice regions and monitor their
long-term growth.

Determination of tropospheric winds of-
fers a good example of a measurement
that cannot be performed directly by pres-
ent satellite remote sensors. The only cur-
rent method of measuring winds from
satellites is by correlating cloud in-
homogeneities between geostationary-
satellite imagery frames. The usefulness of
the measurements is limited because of
their dependence on cloud patterns and
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The experimental lidar facility configured for aerosol-scattering measurements is shown.
The TEA laser is housed in a screen cage to reduce EMI to electronic circuits from the
high-voltage discharge. A 30 cm receiving mirror is near the rear of the table. The detector
is partially obscured behind the transmitter-optics mount, which is coaxial to the receiver.

the lack of adequate information on cloud
heights. It has been suggested that remote
global wind measurements in the lower
10 to 20 km of the atmosphere would
impact weather forecasting in much the
same manner as the integrated circuit af-
fected computers. For this region of the
atmosphere. lidars seem to be the only
means by which these measurements can be
made.

Types of lidars

There are four major types of lidar, each
suited to particular applications and re-
gions of the atmosphere. These are DIAL
(DlIfferential Absorption Lidar). Doppler
lidar, Raman scattering lidar, and laser-
induced fluorescence lidar.

The DIAL system measures the absorp-
tion in a given atmospheric volume from
which geophysical properties (for exam-
ple. temperature and pressure) or constit-
uent concentrations can be obtained. The
technique involves the transmission of two
or more wavelengths and measurement of
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the relative returns from the atmosphere.
The wavelengths are chosen such that at
least one lies on or near an absorption
maximum. while another is nearby in a
nonabsorbing spectral region of the at-
mosphere: the off-line wavelength then
provides information on the background
absorption while the on-line wavelength
absorption provides information regarding
both the background and the constituent
of interest. The measured absorption coef-
ficient can then be directly related to the
parameters of interest (for example, con-
stituent concentration or temperature).
DIAL systems can measure cither a
path-averaged absorption or a range-re-
solved absorption. In the path-averaged
case, the laser can cither be continuous
wave (cw) or pulsed. and the basic mea-
surement is of absorption of radiation scat-
tered by a topographic target or a retrore-
flector. Because the scattering from these
targets is much higher than that from
aerosols and molecules. the laser-energy
requirements are greatly reduced from
those necessary when the molecules are
the scatterers. However, because of the

nature of the measurement. range resolu-
tion can only be achieved via wavelength-
inversion techniques similar to those used
by passive sounders, and hence the range
resolution is limited by atmospheric phys-
ics. To achicve better range resolutions, a
higher-energy pulsed laser must be em-
ployed. and thereby scattering from aero-
sols and molecules can be measured.

For measuring winds. Doppler tidar svs-
tems must be emploved. These svstems
measure the Doppler shift tfrom radiation
scattered by aerosols, with the tacit as-
sumption that these acrosols move with
the wind. To achieve a high measurement
accuracy—detecting 1 m/s winds, for ex-
ample—engineers must assure that the fre-
quency stability of the laser source is com-
mensurately high,

Raman lidars rely on the measured shift
of the incident wavelength caused by an
exchange of energy between the scattering
photon and the scattering species (the
Raman effect). The Raman-shitted spec-
tra collected by the lidar syvstem can be
processed to derive the temperature and
concentration of the species being mea-
sured. The cross section for Raman scat-
tering is usually smalier than that for the
unshifted Rayleigh scattering by about
three orders of magnitude. However. the
Raman lidars are useful because they do
not require a tunable laser source. Typical
atmospheric molecules measured by
Raman lidars are nitrogen and water vapor.

In a laser-induced fluorescence system,
a laser pulse is absorbed by a constituent
and re-radiated at a different wavelength
by fluorescence. Efficient fluorescence re-
lies on near coincidence with an absorp-
tion line of the species. which in wrn
implies precise control of the wavelength
and high spectral stability, as compared
to that necessary tor the Raman scatter-
ing measurements. This technique has been
used to measure oil spills, the hydroxyl
radical (a by-product of ozone depletion),
and uranium deposits.

RCA lidar studies

Astro-Electronics has placed major em-
phasis on the analysis and development
of Doppler lidar for wind detection, and
DIAL systems for measuring temperature
and humidity, because of the great meteo-
rological need for these measurements. De-
scriptions of some of the specific require-
ments for these two systems, as presently
projected. foliow.,

To measure winds. a spaceborne lidar
must detect the Doppler shift introduced
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by wind-carried aerosols. The majority of
eftfort to date has concentrated on the use
of the CO; transverse excited atmospheric
(TEA) laser as the source. This laser is
chosen for several reasons, First, the CO,
laser has been well developed as a highly
stable frequency device that can be used
in heterodyne syvstems to measure tre-
quency shifts. In addition, this laser has a
relatively high efficiency (5 to 10 percent)
which is verv important for power-limited
applications on satellites; moreover, the
spectral output of the laser is in the range
of 9 to 11 um (discretely tunable). which
coincides with the 8- to 12-um atmos-
pheric transmission window. Present re-
quirements call for a 10 joule/pulse laser,
operating at a repetition rate of 10 Hz:
these requirements can be lowered., with a
corresponding trade-oft in velocity mea-
surement accuracy and global coverage.
The collecting mirror should be on the
order of 1 meter in diameter and should
be ditfraction limited at 10 um.

For heterodyne detection. a local oscil-
lator must be available, and its frequency
stability (and that of the transmitter laser)
should correspond to less than the cor-
responding  wind-velocity-measurement
accuracy. Assuming a wind-velocity error
of 1 m/s. the frequency stability should
be better than 200 kHz.

The major absorption in this spectral
region is due to water vapor and carbon
dioxide. To reduce this absorption to a
minimum and. in turn, enhance the sig-
nal-to-noise ratio. specific laser lines were
examined. Minimum values of absorption
were found to occur for lasers based on
CO; isotopes; in particular, lines corres-
ponding to low absorption are the 00°1-
10°0 P-branch of “C"* Oz (A =11.19 um).
the 00°1-10°0 R-branch of “C"0; (A =
10.6 pm). and the 00°1-02°0 R-branch of
ZC™0, (A = 10.6 um). The development
of lasers based on these isotopes must
then take into account the material com-
position to assure that no molecular in-
terchanges occur,

Another system currently under analy-
sis uses a doubled Nd:YAG laser operat-
ing with a fairly narrow spectral line-
width, In this case. the Doppler shift is
detected by measuring fringe shifts from a
Fabrv-Perot interferometer rather than by
use of heterodyne detection. The main
reason for examining such an alternative
svstem is that the acrosol scattering should
increase as the wavelength decreases. and
the overall svstem efficiency should ben-
efit, even though the efficiency of Nd:YAG
lasers is lower than that of CO; lasers. In
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Fig. 1. A spaceborne conical scan lidar system. Pictured is an artist's conception of a
typical Doppler lidar onboard a satellite. To measure horizontal winds, radial wind velocity
measurements must be made, both fore and aft of the satellite position.

detection system., which passively measures
winds in the mesosphere and thermo-
sphere. is currently on board an RCA
satellite. Dynamics Explorer. It is deter-
mining wind fields with an accuracy of
+5 m/s by measuring the Doppler shift
of thermal emisston of oxygen atoms at
6300 angstroms. This passive technique

addition, the value and variability of acro-
sol scattering at 10 pm is under close
scrutiny, while at 0.5 um the scattering is
better documented and less in question.
The kev requirement. however. is the de-
velopment of a narrowband Nd:YAG
laser.

A simpler version of the Fabry-Perot
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Doppler measurement (spinning disk). Shown is an experiment to demonstrate the typical
heterodyne return signal expected from a diffusely scattering moving target; that is, a sinu-
soidal waveform with a random envelope. The cetector output is shown in the left oscillo-
scope trace. The right oscilloscope photo is the spectrum-analyzer output and it indicates
a 2.2 MHz shift or a radial velocity of 11 m/sec.
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cannot be applicd in the troposphere
because of line broadening in this region;
hence. active illumination is required.

An artistic conception of a spaceborne
system is shown in Fig. 1. The Doppler
lidar system, as described. measures the
component of wind velocity along the line
of sight. To actually measure horizontal
winds. at least two measurements must be
made to transform line-of-sight vaiues to
horizontal winds. To minimize angular
perturbations to the spacecraft, the scan-
ning mirror will probably perform a coni-
cal scan. Data will then be stored on
board the satellite until the same area is
iluminated from at least two scans. Since
the satellite velocity also introduces a
Doppler shift. it is essential to know pre-
cisely the spacecraft's velocity and point-
ing angle to achieve accurate wind
measurements.

The second lidar system that has been
extensively analyzed at Astro-Electronics
is a DIAL system for measuring tempera-
ture and humidity. Present efforts have
been concentrated on the water vapor
band near 7200 angstroms. The require-
ments for this system are laser-pulse ener-
gies of about 100 to 300 millijoules per
wavelength, at a repetition rate of 10 Hz.
The collection aperture is | meter in di-
ameter. The laser linewidth shouid be on
the order of 0.01 to 0.03 angstrom—a
very demanding requirement. In addition,
the laser frequency should be controlled
within a fraction of the linewidth to the
line center of the absorbing molecule. Fi-
nally, detectors with higher quantum effi-
ciencies would increase the measured re-
turn signal and enhance the measurement
accuracy.

Actual wavelengths used in DIAL sys-
tems will depend on the species to be
measured and the availability of laser
sources. In the ultraviolet, visible, and
near-infrared regions, the laser sources
have been based on Nd:YAG lasers. Usu-
ally. the Nd:YAG laser output will be
doubled in frequency to 5300 angstroms
and used to pump a tunable dye laser.
Dye lasers are complicated systems con-
taining volatile liquids that have a limited
lifetime and. as such, are not well suited
for the space environment. New sources
are therefore needed for space applica-
tions. One such system, based on alexan-
dnite. is currently being evaluated by
NASA. Alexandrite is a solid-state mate-
rial which is continuously tunable in the
7000- to 8000-angstroms spectral region.
It has the potential of providing an all-sol-
id-state source that is compact, efficient,
and long-fived.
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RCA has long had a commitment to
developing technology for space applica-
tions. With respect to lidar systems, RCA
is the first company to have flown a laser
in space, and. in fact, it was a lidar. As
part of the Apolio program, a laser al-
timeter was developed to provide accu-
rate ranging to the lunar surface. By bore-
sighting with a photographic camera, ac-
curate topographic mapping of lunar fea-
tures was made possible.

Remote sensing by lidars makes possi-
ble many important measurements that
cannot be adequatcely carried out by pres-
ently used passive sensors. Lidar sensors
are expected to play a major role in future
meteorological spacecraft systems. How-
ever, current laser technology is a limiting
factor in the implementation of these sys-
tems, and improvements in laser technol-
ogy are needed.
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Schottky-barrier infrared image sensors

High-quality infrared imaging was demonstrated with PtSi and
Pd,Si IR-CCD image sensors. These monolithic silicon
focal-plane arrays represent the first practical solution for many

infrared imaging applications.

Abstract: Recent development of high-
performance palladium silicide (Pd,Si) and
platinum silicide (PtSi) Schotiky-barrier
infrared charge-coupled-device (IR-CCD)
image sensors make these monolithic
focal-plane arrays attractive for many
short-wavelength-infrared (SWIR) and
thermal-imaging applications. PtSi
Schottky-barrier detectors operated at 80
Kelvin (K) have a quantum efficiency of
several percent in the 3- to 5-um spectral
range and a cut-off wavelength in excess of
6.0 um. Pd,Si Schottky-barrier detectors

operated between 120 and 140 K have a
cut-off wavelength of 3.6 um and quantum
efficiency in the range of 1.0 to 8.0 percent
in the SWIR band. High-quality thermal
imaging has been demonstrated with a

64 X 128-element P1Si Schottky-barrier
IR-CCD imager in a TV-compatible IR
camera operated with 60 frames per
second. Also, a reflective infrared imaging
of very good quality was achieved with the
Pd,Si Schotiky-barrier IR-CCD image
sensor.

The work on Schottky-barrier IR-CCD
imagers' began at RCA Laboratories in
June 1973 with the support of and as a
joint effort with Air Force Systems Com-
mand, RADC/ESE. Hanscom AFB,
Mass.? The first operating Schottky-bar-
rier IR-CCD (in 1974) was a 64-clement
line sensor with “thick™ palladium silicide
(Pd,Si) detectors and a three-phase sur-
face-channel aluminum-CCD readout reg-
ister.> * The first platinum silicide (PtSi)
Schottkyv-barrier IR-CCD arrays were de-
veloped at RCA Laboratories also with
the support of RADC/ESE. Hanscom
AFB. Mass., in 1977. They were 256-¢cle-
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ment line sensors® and 25 X 50-clement
area sensors.™ * ® These arrays were oper-
ated as thermal sensors at RADC/ESE
and exhibited very promising performance,
such as a noise-equivalent temperature of
less than 1°C and a response nonunifor-
mity of about | percent rms.*™®

The PtSi Schottky-barrier detectors
(SBDs) in the first generation of IR-CCD
arrays were made in the form of “thick”
P1Si using about 600 angstroms of depos-
ited platinum. The development of the
high-performance. *“thin™ PtSi SBDs was
started as a joint effort with RADC/ESE.
Thin Schottky-barrier IR detectors were
described in 1973 by Archer and Cohen.’
The first thin-PtSi SBDs were made by
RADC/ESE in 1978. These thin-PtSi
SBDs (with about 100 angstroms of Pt)

showed improvement in responsivity by a
factor of two over the previous thick SBDs
(with 600 angstroms of Pt). To further
improve the responsivity of the thin SBDs,
we had proposed in 1978 to fabricate the
thin-PtSi SBDs with an aluminum reflec-
tor separated from the thin-P1Si film by a
2000-angstrom layer of deposited silicon
dioxide (SiO3). These first thin-PtSi detec-
tor arrays were implemented at RCA Lab-
oratories on the 25 X 50-cfement IR-CCD
arrays in the first part of 1979 as part of
an Independent Research and Develop-
ment (IR&D) project. A dramatic improve-
ment in responsivity, by a factor of about
10. was first observed on these arrays at
RCA Automated Systems, Burlington,
Mass.. in June 1979.'°°"

As a result of this breakthrough in per-
formance, our 1980 and 1981 IR&D effort
on the Schottky-barrier IR-CCD image
sensor in the support of Automated Sys-
tems was expanded. As part of this IR&D
project, we have developed a 64 X 128-
element IR-CCD image sensor with high-
performance thin-PtSi detectors. A major
part of this work, however, was devoted
to the development of a reproducible pro-
cess for fabrication of the thin PtSi detec-
tors using 32 X 63-clement IR-CCD ar-
rays initially designed and fabricated under
a contract with RADC/ESE."

The quality of thermal imaging, in the
3.0- to 5.0-um spectral range, achieved
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Fig. 1. Thermal image of G.W. Hughes, detected by the 64- by 128-element PtSi IR-CCD
TV camera. This camera operates in a liquid-nitrogen Dewar at about 80 K with 60
frames/second and /1.5 germanium optics. It is sensitive in the 3.0- to 5.0-um spectral
band and responds to the infrared radiation emitted by the scene. It can resolve minute
temperature variations (a fraction of a degree Celsius) in the scene.

with the 64 X 128-clement thin-P1Si IR-
CCD image sensor s illustrated in Fig. |
This imager is operated in a hquid nitro-
gen temperature at about 80 K. The IR-
CCD TV camera used tor the thermal
imaging reported in this paper was devel-
oped at Automated Systems and is des-
cribed by J. Klein, N. Roberts and G.
Chin in another paper (pp. 60-66) of this
issue. Although useful thermal imaging
can be obtained with these IR-CCD im-
agers without any electronic uniformity
compensation, in this case an additive type
of uniformity compensation was used 1o
improve the performance.

With the support of the RCA Advanced
Technology Laboratories, Camden, N.J..
in the second part of 1981 we have ini-
tiated the development of Pd,Si IR-CCD
focal-plane arrays (FPAs) for shortwave-
infrared (SWIR) satellite-borne applica-
tions. The passive cooling of such FPAs
requires an operation at lemperatures in
the range of 100 10 140 K. This effort 1s
described in this issue by F.B. Warren,
D.A. Gandolto. J.R. Tower, H. Elabd,
and T.S. Villani.
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Righ-performance thin SBDs
Construction

The infrared SBD consists of very thin
layers (20 10 100 angstroms) of P1Si, Pd,Si.
or other metals or semi-metals formed on
a p-type silicon substrate. This type of
infrared detector can be integrated with
silicon readout circuits, such as the

charge-coupled devices (CCDs), 10 form
monolithic silicon infrared-image-sensor ar-
rays. The Schottky-barrier IR-CCD image
sensors are fabricated by forming the sil-
icide detectors near the end of the device-
processing sequence after all of the high-
temperature steps (900 10 1050°C) are
completed.

The operation of the Schotiky-barrier
infrared detector is based on an internal
photoemission of hot holes across the
Schottky barrier, .. that is formed be-
tween the siticide layer and the p-type sil-
icon substrate (see box). The construction
of recently developed high-performance
thin-PtSi SBDs is illustrated in Fig. 2. In
this structure a very thin and very uni-
form layer of P1Si, formed on the p-type
silicon substrate, is separated from an alu-
minum reflector by a layer of a deposited
SiO; dielectric. The optimal thickness of
the silicide layer is in the range of 20 to
100 angstroms, while that of the SiO,
layer is in the range of 2000 1o 6000 ang-
stroms. The p-type silicon substrate has
resistivity in the range of 30 10 50 ohm-
cm. This detector structure has been de-
signed 10 optimize the photoresponse of
the SBD.

To improve the injection, or emission
etficiency, the thickness of the silicide layer
is made comparable 1o, or smaller than
the attenuation length of the “hot™ holes.
This implies that the injection of the hot
holes across the silicide-silicon intertace is
enhanced by scattering (reflection) from
the silicide-SiO, interface. The reduced
thickness of the silicide layer also is ex-
pected to reduce the retlection of the infra-
red radiation at the silicon-silicide inter-
face. The aluminum reflectior. separated
from the thin-silicide layer by the SiO,
dielectric laver, provides a further im-
provement of the coupling of the infrared
radiation to the silicide layer. Our exper-
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Fig. 2. Cross-sectional view of a high-performance thin-PtSi SBD. The crucial element in
this structure is the very thin (20 to 100 angstroms) and very uniform layer of PtSi.
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Operation of the Schottky-
barrier detector (SBD)

The above figure illustrates the
basic construction and operation of
a back-illuminated PtSi Schottky-
barrier infrared detector integrated
with a silicon-CCD readout. The
infrared radiation with the photon
energy less than the bandgap of sil-
icon (E; = 1.1 eV) is transmitted
through the substrate. The absorp-
tion of the infrared radiation in the
silicide layer results in the excita-
tion of photocurrent across the
Schottky barrier (¥..) by internal
photoemission. The “hot" holes
(those that have sufficient energy to
go over the Schottky barrier, ¥,
formed between the silicide and the

Silicon Plotinum
Subnm'cj [—Silicidc
A X ‘ ‘
—//\/WN'C"M
In'ro.ug ‘__Hgl? @_l—’
TR it e LLL 1
= o1 o
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N Video
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‘—ﬂL
Schotx, < hy
Siticon a‘""”f*- w's h < E 9
H Bond-Gap,Eg
S Schottky Photon Siticon
Barrier Energy 8and-Gap

Photon
Energy, hy

p-type silicon) are injected into the
silicon substrate. Hence, a net neg-
ative charge will accumulate on the
silicide electrode. Finally, the detec-
tion of the infrared optical signal is
completed by the transfer into a
CCD-readout structure of this neg-
ative charge formed at the silicide
electrode. This transfer is carried
out either by a periodic voltage-
reset (vidicon-type) readout, or by a
continuous (charge-skimming-type)
readout. The spectral energy win-
dow of a back-illuminated SBD is
Ums < hr < E, where Y, is the
metal-semiconductor Schottky bar-
rier, he is the photon energy, and

E, is the silicon bandgap energy

(1.1 eV).

iments on the optimization of this detec-
tor structure showed that the choice of
the thickness of the PiSi in the range of
20 to 100 angstroms has a major effect on
the photoresponse of the SBD.

Photoemission characterization

The responsivity, R, of the SBD can be
approximated by a modified Fowler equa-
tion' as:

e )‘)2 1

=] 1 —
R C‘( 1.24

where R is the responsivity in A/W, Cy is

the emission coefficient in eV, Y, is the
metal-semiconductor Schotiky barrier in
eV, and A is the wavelength of the
infrared radiation.

The responsivity, R, and the quantum
efficiency. Q.E.. of the recently developed
high-performance thin-PtSi detectors are
compared in Fig. 3 with the data obtained
for thick-PtSi detectors (with the PtSi lay-
ers in the range of 500 to 1000 angstroms).
The dramatic improvement in performance
is due 10 the improvement of the emission
coefficient, C,. by an order of magnitude
from 5.0 to 54.2 percent eV™', and the
extension of the cut-off wavelength, A
from 4.7 to about 6.0 um. The cut-off
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Fig. 3. Measured responsivity and quan-
tum efficiency (Q.E.) of two of the high-
performance thin-PtSi SBDs are compared
with that of a thick-PtSi detector. This data
was obtained with a 1000°C source, with
an aperture diameter of 1.25 cm, and at a
distance of 15.8 cm from the detectors. The
devices 11H-75 and 2M-33 are thin-PtSi
detectors. The device 11H-75 has Ym: =
0.208 eV andC, = 54.2% eV™". The device
2M-33 has ¢, = 0.219 eV and C, = 38.1
percent eV~'. Note that the 11H-75 detector
has quantum efficiency ranging from 7.0 to
1.0 percent in the spectral range from 3.0
to 4.5 um.
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Fig. 4. Measured responsivity and quan-
tum efficiency of the first-generation thin-
Pd.Si detectors under the same conditions
as in Fig. 3. This detector has ., = 0.337
eV and C, = 19.1 percent eV It has a
quantum efficiency of 10.0 to 2.0 percent in
the spectral range from 1.0 to 3.0 um.

wavelength A, given in um., is defined as:

1.4
Unms

The responsivity obtained for a first-gen-
eration thin-Pd,Si SBD is shown in Fig.
4. These detectors were recently developed
for a short-wavelength infrared (SWIR)
system and for operation at intermediate

(2)

<
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Fig. 5. Comparison of the dark-current tem-
perature characteristics of two PtSi SBDs
and a Pd,Si SBD. The PtSi and the Pd.Si
detectors in this test were operated with a
reverse-bias voltage of 4.0 and 5.0, respec-
tively. Schottky-barriers of the two PtSi and
the Pd.Si detectors determined from the
slopes of the above curves are the
(PtSi, 11H-54) = 0.20 eV, Y, (PtSi, 2H-66)
=0.18 eV, and s (Pd:Si) = 0.37 eV. Note,
the value of Jp/ T° = 107" A/cm’K? corre-
sponds to an operating temperature of
about 80 K for PtSi and about 140 K for
Pd,Si.

temperatures for satellite-borne applica-
tions. The Pd,Si imager has a wavelength
range of 1.0 to 3.5 um and can be used
with passive coolers for operation between
100 and 140 K.

Dark-current characteristics

Measured dark-current characteristics of
the thin Pd,;Si and PtSi detectors as a
function of the operating temperatures are
shown in Fig. 5. To provide greater uni-
formity of the dark current, that is, to
avoid dark-current spikes, these detectors
are fabricated with n-type guard rings.
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REVERSE BIAS VOLTAGE (V)

Fig. 6. Measured dark-current density, J,, of two types of thin PtSi SBDs as a function of
the reversed-bias voltage at 77 K. Both types of detectors can be operated in IR-CCD
arrays at 77 K with optical integration times of 10 to 100 ms for the normal range of

operating voltages of 4to 10 V.

The dark-current-versus-temperature char-
acteristics follow the thermionic emission
model, and the dark-current density, Jp.
in A/cm? can be expressed as:

Jo=A*T*exp (—qym/kT)  (3)
where A*is the Richardson emission con-
stant for holes in silicon (which is ideally
32 A/cm’K?): T is the detector tempera-
ture in K: g is the electronic charge in
Coulomb; Y is the activation energy or
the Schottky barrier in eV; and X is the
Boltzmann constant. The values for the
Schottky-barrier, ¥ms, determined as the
activation energies from the dark-current
versus temperature characteristics, are not
necessarily the same as those determined
by the photoemission measurements.

The dark-current density at 77 K of
two types of thin-PtSi Schottky-barrier de-
tectors as a function of the reversed-bias
voltage is shown in Fig. 6. Device 2M is
representative of detectors formed with a

Table I. IR-CCD focal-plane arrays developed at RCA Laboratories.

T T Chip Size Pixel Size Fill Type Year
y=to (mil)2 (um)? Factor of SBD
256 x 1 50% Thick PtSi | 1977
Line Sensor | 138%71 | 40x200 | o Thin PtSi | 1979
25 x 50 Thick PtSi | 1978
Interline 230x230 | 160x80 | 17% oo
Transfer Thin PtSi 1979
32 x 63 60 x 80 25 Thin PtSi 1980
SPS 1T 265x 265 | 160x % Thin Pd,Si | 1981
64 x 128 Thin PtSi 1981
sPS T SEAEEY B120IX GORS JR22% Thin Pd,Si | 1982
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graded junction, while device 11H has a
more abrupt junction. This dark-current
data illustrates the excellent reversed-break-
down characteristics of the thin-PtSi de-
tectors, and shows that, with liquid nitro-
gen cooling, the dark current of these
detectors is sufficiently low to allow opti-
cal integration times in the range of 10 to
100 ms.

IR-CCD focal-plane arrays

The IR-CCD image sensors or focal-plane
arrays (FPAs) developed at RCA Labora-
tories are summarized in Table 1. The
256-clement line sensor was developed un-
der a contract with RADC/ESE for the
Infrared Fence Sensor Development Pro-
gram.! This FPA has 40-um (horizontal)
X 200-um {vertical) pixels and a fill fac-
tor, or detector-area efficiency, of 50 per-
cent for SBDs with n-type guard rings
and 78 percent for SBDs without the guard
rings. This IR-FPA was designed for opera-
tion with the continuous-skimming type
of detector readout.*’

The 25 X 50 interline-transfer (IT) IR-
CCD.> * 7 the 32 X 63 series-parallel-
series interline-transfer (SPS-IT) IR-CCD,"
and the 64 X 128 SPS-IT IR-CCD"* were
designed for operation as staring FPAs
with optical integration time for the full
TV frame time of 1/60 or 1/30 s. How-
ever, they can also be operated as scan-
ning-type TDI (time-delay-integration)
image sensors with an optical integration
time of up to 100 ms.

The SPS-IT organization is illustrated
in Fig. 7. The SPS designation indicates
that this type of IR-CCD array has an
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input register. The input registers are used
mainly for wafer-probe testing at room
temperature to identify the arrays with
operating CCD registers. As shown in
Table 1, the 64 X 128 array with the chip
size of 364 X 364 mil is a rather large
integrated circuit. All of the area-sensing
IR-CCD FPAs have a similar design and
are fabricated with two-level polysilicon,
four-phase buried-channel CCD registers.

One limnation of the developed area-
sensing IR-CCD FPAs are rather low fill
factors (17 percent for the 25 X 50 array,
25 percent for the 32 X 63 array, and 22
percent for the 64 X 128 array). The fill
factor is defined here as the ratio of the
active detector area to the total pixel (pic-
ture-element) area. With the new process/
design concepts now under development,
we expect to have a fill factor of about 50
percent in the next generation of the IT
IR-CCD arrays.

Returning to Fig. 7, note that the oper-
ation of the IT IR-CCD image sensor as
a staring FPA with optical integration for
the full time is as follows: During the ver-
tical retrace time at the beginning of each
frame, the detected charge signal is trans-
ferred from the SBDs to the vertical col-
umn registers; then during the blanking
time of each horizontal line, the charge
signal of one row of the parallel column
registers is transferred to the serial output
register. This line charge is then trans-
ferred in series to an on-chip output am-
plifier. A low-impedance output signal is

INPUT REGISTER

IN_,[E—*:“.l; ’]3 -l
nEnmn
KRy IKR ¥ KA g
O
T2 Becron
;"QL'@L’@ ARRAY
%K1 % Kl ?]
A g g
]
e[ o[ -] -}>

OUTPUT REGISTER

Fig. 7. Organization of an interiine-transfer
(IT) 1R-CCD image sensor. The interline
transfer implies that the IR detectors are
placed between the vertical column regis-
ters. In the design shown here (that we
have used for all of the area arrays), the
serial input and output registers have two
CCD stages for each column of deiectors.

obtained in these arrays from a two-stage
source-follower on-chip amplifier with a
floating-diffusion capacitance of 0.16 pF.

The 64 X 128-clement IR-CCD image
sensor bonded in a 32-lead ceramic pack-
age is shown in Fig. 8. The photograph in
Fig: 9 illustrates that 37 of these IR-CCD
arrays can be fabricated on a 3-inch sil-
icon wafer.

Construction of one pixel

The construction of one pixel of the 64 X
128 array is illustrated by the pixel layout
in Fig. 10, and a cross-sectional view is
shown in Fig. 11 (a). As illustrated in
these figures, the PtSi detectors as well as
the buriedchannel CCD (BCCD) regis-
ters are isolated by p'-channel steps. To
guarantee uniform dark-current charac-
teristics, each detector is surrounded by
an n-type guard ring formed by the BCCD
implant. The coupling of the P1Si detec-
tors to the CCD column register is accom-
plished by an n” diffusion in series with a
surface-channel transfer gate (V7). The
four-phase BCCD column registers are
bussed by aluminum lines shown in Fig.
10. Using 5- to 7-um design rules for this
layout, the active detector area is 40 um
X 40 um and the pixel size is 120 um X
60 um, which gives the fill factor of 22
percent.

Schattky-barrier detector
with CCD readout

The charge readout from a PtSi detector
of an IT IR-CCD array operated as a

Fig. 8. Photomicrograph of a 64- by 128-
eiement IR-CCD image sensor bonded in a
32-lead ceramic package custom-made by
Kyocera.

staring or vidicon-type sensor is accomp-
lished in a voltage-reset charge-integration
mode (Fig. 11). During the optical inte-
gration time, the surface-channel transfer
gate is biased into accumulation. This iso-
lates the Schottky-barrier detector from
the BCCD register and also provides a
biooming control mechanism for this de-
tector. As shown in the potential diagram
in part (b), the transfer gate is pulsed-on
once at the end ol the optical integration
time (once per frame time). This transfers
the detected charge signal (electrons) from
the PtSi electrode to the BCCD register
and resets the detector to the potential-2.
Then, at the end of the transfer-gate pulse,
a potential barrier (potential-1, that is
equal to the substrate potential) is formed
between the detector and the BCCD reg-
ister, initiating the next optical integration
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Fig. 9. A processed 3-inch silicon wafer and a packaged 64- by 128-element IR-CCU

array chip.
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transfer gate controlled by a voltage pulse, V7, and the PtSi Schott-
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Fig. 11. PtSi SBD with buried-channel CCD (BCCD) readout. (a)
Cross-sectional view of the structure. (b) Potential diagram illus-
trating the operation of this detector in the voltage-reset (vidicon)
mode, where the detected charge signal, AQy, is integrated for
the full frame time of the imager, and the detector is reset once

is 22 percent.

period. The change of the detector vol-
tage, AVp, due to the detected charge
signal can be expressed as:

AVp= Qb/Cp (4)
where Qp is the detected charge signal,
and Cp is the effective capacitance of the
detector.

The built-in blooming control of the
SBD can be explained in a few steps. A
strong optical signal forward-biases the
SBD, and no further negative charge is
accumulated at the PtSi electrode. The
small negative voltage developed at the
P1Si electrode is not sufficient to forward-
bias the n" diffusion of the detector to
inject a negative charge into the CCD reg-
ister through the silicon region under the
transfer gate driven into accumulation.

Imaging with Schottky-barrier
IR-CCD FPAs

Thermal imaging with a 64 X 128
PtSi IR-CCD TV camera

The quality of thermal imaging obtained
with the 64 X 128-element PtSi IR-CCD
FPA was shown in Fig. 1. The perfor-
mance achieved with this IR FPA is fur-
ther illustrated by Figs. 12 and 13. These
thermal images were obtained with an
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per frame time to the potential-2.

infrared TV camera developed by J. Klein
of RCA Automated Systems, Burlington,
Mass., using the 64 X 128-element IR-
CCD image sensor with the high-perfor-
mance thin-PiSi SBDs. This IR camera
was operated with 60 frames per second
and /1.5 germanium optics. The FPA
was cooled to about 80 K in a liquid ni-
trogen Dewar. Additive-type electronic re-
sponse compensation (that corrects main-
ly for variation of the dark current of the
detectors) was used to improve the over-
all performance. Figure 12 illustrates the
blooming-control characteristics of the
SBD array. The inset photograph shows
one of the authors holding a glowing
match. The enlarged picture shows a TV
monitor with the detected thermal image.
The sensitivity of this camera to very small
temperature variations in the scene is illus-
trated in Fig. 13. Here, a thermal print of
a hand on a notebook is detected by the
infrared TV camera (thermal ghost effect).

Reflective infrared imaging with a
32 X 63 Pd,Si IR-CCD FPA

The quality of reflective infrared images
produced with the 32 X 63-element Pd,Si
IR-CCD FPA is illustrated in Fig. 14.
The Pd,Si image sensor in this case was
operated at 60 frames per second with
/2.0 optics, at a temperature of 120 K.
The inset photograph (part b), showing a

man smoking a cigar, demonstrates the
control of blooming due to an optical
overload.

Linearity, dynamic range,
and sensitivity

A measured optical transfer curve of the
32 X 63-element IR-CCD image sensor is
shown in Fig. 15. The numbers shown
next to the data points correspond to the
net optical transmission of neutral-density
filters calibrated in the 3- to 5-um spectral
range. The experimental data points of
the output voltage, V... represent the
change of the net output voltage, Vo,
above the 300-K background value. The
transfer curve in Fig. 15 is drawn with a
slope of 1.0, indicating that the responsiv-
ity of the PiSi SBD array is linear with
the irradiance, or the photon flux, until
the SBDs are driven into saturation. The
measured temporal noise, V,, of this array,
for a 300-K background, is about 4.0 mV
p-p (peak-to-peak) or 0.67 mV rms. Thus,
the dynamic range of this array can be
expressed as:

__ H(Saturation)

Dynamic range
y . NEAH,

(5)
_ Vau (Saturation)
Vn (rms)
where NEAH, is the noise-equivalent ir-
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Fig. 12. Demonstration of the control of blooming in a Schottky-
barrier IR-CCD image sensor. Thermal image of Walter Koso-
nocky holding a glowing match detected by a 64-by 128-element
PtSi IR-CCD TV camera (right). Visible photograph of the scene
(left)

Fig. 13. Demonstration of the sensitivity of the 64 by 128 PiSi
IR-CCD image sensor. In this experiment Wakler Kosonocky is
hotding in front of the 1R-CCD camera a notebook on which he
previously formed a print of his hand. The thermal image of the
handprint is shown on ihe TV monitor. The IR camera is operated
by Harry Erhardt.
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noisc of the FPA_ ¥, (rms). On the basis  measured response ot 8 mV/°C. There-  values are in good agreement with the
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Fig. 14. Reflective infrared images de- Fig. 15. Optical transfer characteristics of the 32- by 63-element IR-CCD image sensor
tected with the Pd.Si IR-CCD TV camera. showing the measured change of the output voltage, AV,., as a functicn of irradiance
In (a) is the detected image of Hammam  above 300°C thermal background. The noise-equivalent irradiance, NEAH, of 5 x 10°* W/
Elabd; in (b) is the image of Rod Angle cm’ is estimated from the prcjection of the transfer curve to the value of the measured
smoking a cigar. noise voitage V, (rms) for a 300-K background.
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operated with £/3.0 optics. These data were
obtained by M.J. Cantella of RCA Auto-
mated Systems, Burlington, Mass.

Uniformity and
fixed-pattern noise

PtSi Schottky-barrier IR-CCD technology
represents the only known FPA technol-
ogy that can be used without uniformity
compensation. However, to achieve per-
formance limited only by the temporal
noise of the array, some form of elec-
tronic compensation for the fixed-pattern
noise is required. The fixed-pattern and
temporal noise measured for the 32 X 63-
clement IR-CCD FPA is shown in Fig.
16." This illustrates the measured fixed-
pattern noise and the temporal noise as a
function of exposure in photons/pixel (bot-
tom horizontal coordinate) or in mV (top
horizontal coordinate), representing the de-
tected output for a given exposure level.
The inspection of the measured fixed-pat-
tern noise curve shows that the 2M-37
array has about 0.3 percent multiplicative
fixed-pattern noise and an additive fixed-
pattern noise of about 700 rms clectrons/
pixel, corresponding to a 0.3-mV (rms)
fluctuation of the output voltage. The ad-

ditive fixed-pattern noise in this array is
attributed to the small dark-current varia-
tions of the PtSi detectors (operating in
this case at 80 to 85 K). The curve of the
fixed-pattern noise in Fig. 16 was obtained
without any electronic compensation for
the array uniformity.

The curve of the temporal noise was
measured as a random response variation
of an individual pixel from frame to frame.
Note that the 300-K background corres-
ponds to an exposure level of about 2.7 X
10* photons/pixel. The data points for
exposures below that value were obtained
by placing cooled objects in front of the
IR camera. Also shown, in Fig. 16, is the
background-shot-noise level representing
the background-timited performance
(BLIP) for this array.

Examination of the temporal noise
curve indicates that the total additive tem-
poral noise of the system corresponds to
about 250 rms electrons/pixel. This in-
cludes the reset noise and 1/ noise of the
detectors, the reset noise of the floating-
ditfusion amplifier. and the 1/f and white
noise of the on-chip amplifier. At a 300-K
background exposure of 2.7 X 10° clec-
trons/pixel, the fixed-patiern noise is only
60 percent above BLIP, and the temporal
noise is only 30 percent above BLIP.
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Fig. 16, Noise-data analysis tor 32- by 63-element IR-CCD image sensor (2M-37) mea-
sured at RCA Automated Systems, Burlington, Mass. The measured noise curve indicates
that this FPA has 0.3 percent of multiplicative fixed-pattern noise and an additive fixed-
pattern noise of 700 rms electrons/pixel, which corresponds to 0.3 mV (rms) fluctuation of

the output voltage.

Characteristics of Schottky-
barrier IR-CCD image sensors

In conclusion we will summarize the gen-
eral characteristics of the Schottky-barrier
IR-CCD image sensors.

o Monolithic silicon construction. The mono-
lithic Schottky-barrier IR-CCD FPAs rep-
resent the only infrared-array technol-
ogy that is compatible with standard IC
processing. Therefore. these devices po-
tentially can be made in large volume at
low production cost. Also. they repre-
sent the most attractive approach for
the development of large-area high-den-
sitv. FPAs. A 160 X 244-clement IR-
CCD FPA presently under develop-
ment with the support of RADC/ESE
is an example of the next step towards
achieving a Schottky-barrier IR-CCD
FPA with full-TV resolution.

o Spectral response and operating tempera-

ture. The high-performance thin-PtSi

Schottky-barrier detectors made by our

standard process have response in the

spectral range from 1.0 to 6.0 um, and
quantum efficiency of several percent in
the 3- to 5-um thermal 1R band. They
can be operated as staring imagers with

optical integration times of 10 to 100

ms at about 80 K.

The thin-Pd>Si SBDs have response

from 1.0 to 3.5 um and are well suited
for SWIR applications with passive cool-
ing at apertures in the range of 100 to
140 K.
High element uniformity. The Schottky-
barrier IR-CCD FPAs were made with
photoresponse nonuniformity of less
than 0.3 percent rms, which is about an
order of magnitude lower than the com-
peting HgCdTe IR FPAs.

Useful thermal imaging can be ob-
tained with the PtSi FPAs without any
clectronic compensation for the uni-
formity. However. to achieve the best
performance with minimum resolvable
temperature (MRT) in the range of 0.1
to 0.2°C. a simple additive type of uni-
formity compensation is needed to com-
pensate for the dark-current variations.
The Pd;Si SBDs, even at operating tem-
peratures of 140 K. have dark currents
that are lower by more than an order of
magnitude than the PiSi SBDs at 80 K.
Therefore. the Pd:Si FPAs produce ex-
cellent reflective 1R imagers without any
uniformity compensatio..

Linearity, large dynamic range, no
blooming, and no cross 1alk. The Schoti-
ky-barrier IR-CCD FPAs have lincar
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response over a dynamic range of 10* 10
10*. Under strong infrared irradiation,
their response saturates without bloom-
ing and without lag. The SBD IR-CCD
FPAs also have no observable cross talk:
this assures that the MTF of these FPAs
is determined by the geometric dimen-
sions of the detectors.

Acknowledgment

The authors would like to express their
appreciation to D.E. O'Connor and G.W,
Hughes for their support of this project.
to I .M. Bijaczyvk and A.l. Bijt for their
cffort on processing of the devices, and to
R.J. Patt and R.T. Smith for their help on
the diagnostics of the silicide structures.

References

I. Shepherd. F.D. and Yang, A.C.. **Silicon
Schottky Retinas for Infrared Imaging." /973
Int. Electron Devices Meeting. Tech. Dig.,
pp. 310-313.

2. Kohn, ES., Kosonocky., W.F.. and Shallcross.
F.V., *Charge-Coupled Scanned IR Imaging
Semsors.” RADC-TR-77-303 (September 1977).

3. Kohn, E.S.. Roosild. S.A.. Shepherd., F.D., and
Yang. A.C.. “Infrared Imaging with Monolithic,

CCD-Addressed Schottky-Barrier Detector Ar-
rays. Theoretical and Experimental Results,™ Int.
Conf. on Application of CCDs (October 29-31,
1975).

. Kosonocky, W.F.. Kohn ES., and Shallcross,

F.V.. *256-Element Schottky-Barrier 1R-CCD
Line Sensor.” RADC-TR-77-304 (September
1977).

. Kosonocky, W.F., Kohn, ES., and Shallcross.

F.V.. “Optimization Study of IR-CCD Array."
RADC-TR-78 (July 1978).

. Capone. B.R.. Skolnik, I..H.. Taylor. R.W_, Shep-

herd. F.D., Roosild, S.A.. Ewing. W., Kosonocky.,
W F.. and Kohn, E.S.. “Evaluation of a
Schottky 1R-CCD Staring Mosaic Focal Plane,"
22nd Int. Tech. Symp. Society of Photo-Optical
Instrumentation Engineers, San Diego. Calif.
(August 28-29, 1978).

. Kosomocky, W.F.. Kohn, ES.. Shalicross. F.V.,

Sauer. D.J., Shepherd. F.D.. Skolnik, L.H., Tay-
lor. R.W., Capone, B.R.. and Roosild, S.A.. **Plat-
inum-Silicide Schottky-Barrier IR-CCD Image
Sensors.” 1978 Int. Cont.. on CED Applications,
pp. 2-7 to 2-38 (October 25-27. 1978).

. Shepherd, F.D.. Taylor, R.W., Skolnik. L.H.,

Capone. B.R.. Roosild. S.A.. Kosonocky, W.F.,
and Kohn. ES.. “Schottky IR-CCD Thermal
Imaging.” Adv. Eleciron. Phys., Vol. 22, Tth Symp.
Photo-Electron Image Devices. pp. 495-512
(1979).

. Archer, R.J. and Cohen. J.. “*Schottky-Barrier

Monolithic Detector Having Ultra-thin Metal
Layer.” U.S. Patent 3.757.123 (September 4,
1973).

. Taylor. R.W., Skolnik, I.H . Capone, B.R.,

Ewing., W.. Shepherd. F.D.. Roosild, S.A.,

Cochrun, B., Cantella, M., Klein, J., and Koso-
nocky, W.F.. “Improved Platinum-Silicide IR-
CCD Focal Plane,” SPIE's Tech. Symp., Ad-
vances in Focal Plane Technology, Los Angeles,
Calif. (February 4-5, 1980).

. Kosonocky, W.F., Erhardi. H.G.. Meray, G.M.,

Shalicross. F.V., Elabd, H.A., Cantella, M.J..
Klein, J.. Skolnik, [..H.. Capone. B.R., Taylor.
R.W.. Ewing, W., Shepherd, F.D., and Roosild.
S.. "Advances in Platinum-Silicide Schottky-Bar-
rier [R-CCD Image Sensors.” SPIE, Vol. 225,
IR-Image Sensor Technol.. pp. 69-71 (1980).

. Cantella. M.J.. Kliein, J.. Skolnik. L.H.. Capone.

B.R.. Taylor. R.W., Ewing. E.. Shepherd. F.D..
Roosild. S.A.. Kosonocky, W.F., Erhardt. H.G..
and Cochrun, B.. “A High Sensitivity Schottky
IR-CCD Focal Plane Array. IRIS Meeting (May
1980).

. Kosonocky, W.F.. Elabd. H.. Erhardt. H.G..

Levine, P.A.. Shallcross, F.V., and Villani. T.S..
“Improved IR-CCD Area Sensor.” Final Report.
RADC-TR-81-F. (August 1981).

. Cohen, J.. Vilms, J.. and Archer, R.J.. “Investi-

gation of Semiconductor Schottky-Barriers for
Optical Detection and Cathodic Emission.” Air
Force Cambridge Research Labs, Report No. 68-
0651 (1968).

. Kosonocky. W.F., Elabd. H.. Erhardt, H.G..

Shallcross. F.V. Villani, T, Meray. G.. Cantella,
M.J.. Klein, J.. and Roberts, N., “64- X 128-
Element High-Performance P1Si IR-CCD Image
Sensor,” 1981 I[EDM. Washington, D.C. De-
cember 7, 1981,

. Cantella. M.J.. IR Focal Plane Array System

Performance Modeling. Proc. SPIE Technical
Symposium, Los Angeles, Calif. (January 1982).

Walter Kosonocky is a Fellow of Technical
Staff at RCA Laboratories, Princeton, N.J.
He joined RCA Laboratories in 1955 and,
since 1970, has been working on the design
and process development of charge-cou-
pled devices for signal-processing and
image-sensing applications. Since 1975, he
has been involved in the development of
the Schottky-barrier infrared image-sensing
arrays.

Contact him at:

RCA Laboratories

Princeton, N.J.

TACNET: 226-2017

Grazyna Meray joined RCA Laboratories in
1969. Since 1972, she has been working
on the layout and programming of CCD
arrays.

Contact her at:

TACNET: 226-2664

Kosonocky, et al.: Schottky-barrier infrared image sensors

57




Frank Shallcross joined RCA Laboratories
as a Member of Technical Staff in 1958.
Since 1972, he has been engaged in the
process development and fabrication of
CCD arrays for signal-processing and imag-
ing applications.

Contact him at:

TACNET: 226-2307

Frederick Tams, lll, joined RCA Laborato-
ries in 1953. Since 1967, he has been work-
ing in the area of thin-film deposition.
Contact him at:

TACNET: 226-3010

Verne Frantz joined RCA Laboratories in
1958. Since 1972, he has been working on
various aspects of processing CCD image-
sensing arrays.

Contact him at:

TACNET: 226-2308

Robert Miller joined RCA Laboratories in
1965. Since 1972, he has been working on
CCD processing for comb filters, and for
visible and infrared image sensors.
Contact him at:

TACNET: 226-2350

Joseph Groppe, Jr., joined RCA Laborato-
ries in 1967. He has worked mainly in test-
ing and characterizing various types of
MOS and CCD circuits.

Contact him at:

TACNET 226-2681

Tom Villani joined RCA Laboratories ir.
1980. Since that time, he has been working
on testing and characterizing Schottky-
barrier infrared CCD arrays.

Contact him at:

TACNET: 226-2686

Harry Erhardt is a Member of Technical
Staff at RCA Laboratories. He joined the
Laboratories in 1978 and since then, has
been involved in the development of the
Schottky-barrier focal-plane arrays for infra-
red-imaging applications.

Contact him at:

TACNET: 226-2674

Hammam Elabd is a Member of Technical
Staff at RCA Laboratories. He joined the
Laboratories in 1980 and has since been
involved in the technology, development,
and characterization of the PtSi and Pd,Si
Schottky-barrier detector arrays.

Contact him at:

TACNET: 226-2687

58

Authors (left to right) Groppe, Villani, Erhardt, and Elabd.

Authors (left to right) Tams, Shallcross, Frantz, and Miller.

RCA Engineer ¢ 27-3 e May/June 1982



What's New in Microwave?
A special issue of the RCA Review

The RCA Review (Vol. 42, No. 4) covers current work by
RCA scientists and engineers on microwave devices and
systems. Subjects covered in over 400 pages of articles
include advanced microwave materials, hybrid and monoli-
thic circuits, millimeter-wave sources, computer-aided
design techniques and special components, including
amplifiers, phase shifters, filters, and applicators used in
cancer research. The issue's guest editor was Markus
Nowogrodzki.

Fred Sterzer, Director of the Microwave Technology Cen-
ter at RCA Laboratories, wrote an article on his research
(see contents page) and also wrote the foreword to the
issue. For additional information, contact Ralph Ciafone, Edi-
tor, RCA Review, RCA Laboratories, TACNET: 226-3222.
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J.J. Klein [N.L. Roberts |G.D. Chin

Infrared-camera system developed

to use the Schottky-barrier IR-CCD array

Unlike a parallel-scan IR camera, which requires a TV camera
to multiplex its parallel video output to a serial video output, the
focal plane array with its on-chip signal-processing CCDs
provides an output that is compatible with standard serial

TV imagery.

Abstract: An advanced infrared camera
system that offers significant reductions in
size, cost, reliability, and complexity has
been developed. The heart of the camera
svstem is a tiny monolithic Schotiky-
barrier focal plane array with over 8000
infrared detectors and a corresponding
number of signal-processing charge-
coupled devices. Unlike conventional
infrared cameras, which mechanically scan
a scene by an arrangement of oscillating
or rotating mirrors, the focal plane array
views the entire scene all ar one time.

Thus. it is referred to as a “'staring array,”
as opposed 10 the “scanning” of the
mechanical-optical 1yvpe. The staring array
camera has greater sensitivity than cur-
rent-generation IR cameras and, thercfore,
can resolve temperatures in a scene 1o a
[fraction of a degree.

A complete infrared (IR) camera sys-
tem has been developed for field test, dem-
onstration, and evaluation of a 32 X 64
and a 64 X 128 Schottky-barrier infrared
charge-coupled device (IR-CCD) focal
planc array. The overalt system consists
of a camera head with its associated lens
and signal-processing clectronics, a 12-bit
video data converter and a 12-bit digital
scan converter.

This IR-camera system offers significant

©1982 RCA Corporation
Final manuscript received March 18, 1982.
Reprint RE-27-3-8
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reductions in size, cost, and complexity
while increasing its reliability. The heart
of the camera system is a tiny monolithic
Schottky-barrier focal plane array (FPA)
with over 8000 infrared detectors (64 X
128 array) and a corresponding number
of signal-processing charge-coupled devi-
ces. Unlike conventional IR cameras,
which mechanically scan a scene by an
arrangement of oscillating or rotating mir-
rors. the focal plane array views the entire
scene all at one time. Thus, it is referred
to as a “‘staring array.” as opposed to the
“scanning™ mechanical-optical type.

The staring-array camera has greater
sensitivity than the current generation of

IR cameras and, therefore, resolves tem-
peratures o a fraction of a degree. Unlike
a parallelscan IR camera. which requires
a TV camera to externally multiplex its
paraltel video output to a serial video
output, the focal plane array contains on-
chip signal-processing CCDs that provide
a serial output which is convertible to
standard serial TV imagery.

IR-camera system

A simplified block diagram of the overall
IR-camera system is shown in Fig. 1. The
system consists of a camera head with its

)
|
(i) CAMERA CAMERA [ vz
HEAD ™1 ELECTRONICS | ™ oiseuay
|
|
y I WIGH DENSITY
I = DIGITAL
| RECORDER
DATA i
CONVERTER |
' v
I RECORDER
|
|
SCAN ™
CONVERTER *1  momiTOR

«g—————— CAMERA SYSTEM ————————»—at— PERIPHERALS —9

|
|
I
|
|

Fig. 1. IR camera system. Camera, data converter, scan converter, recorder and displays
are required for observation and recording of IR signature data.
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assoctated lens and signal-processing clec-
tronics, a 12-bit, high-speed data convert-
er, and a 12-bit scan converter.

The camera features include video
double-correlated sampling. automatic
black-level control. logarithmic compres-
sion and video pixel-to-pixel nonunifor-
mity and shading correction. To preserve
the wide dynamic range of the camera’s
video output. the viaco is processed by
the data converter's analog-to-digital
(A/D) converter into 12-bit digital words.
These 12-bit digital words are recorded
by a high-density digital recorder for later
analysis or viewing. Data gathered during
field tests may be studied at leisure when
the information from the digital recorder
1s played back through the data convert-
er’s 12-bit digital-to-analog (ID/A) con-
verter. The data converter’s digital output
1s also used as the input to a 12-bit scan
converter. The converter changes the 64-
line or 128-line output of either focal plane
array to a standard 525-line interlaced-
TV-raster tormat. which can be displaved
on a standard TV monitor or can be
recorded on a standard video cassette re-
corder. The XYZ display is used for direct
viewing of the camera’s video output. A
photo of the camera system and related
equipment is shown in Fig. 2.

Focal plane array (FPA)

The basic construction of the IR-CCD
focal plane array (FPA) is shown in Fig.
3. The arca array uses an interline-transter
svstemi. which consists of a vertical paral-
lel array of illuminated IR Schottkv de-
tectors with non-illuminated CCD (B) reg-
isters all leading in parallel into a single
output CCD (C) register. The IR optical
image 18 detected by the vertical lines of
128 Schottkv detectors. The vertical hne
detectors are separated trom cach other
bv opaque vertical 128-clement B regis-
ters. Once every frame, the signals from
the IR detectors are transterred into the
vertical B registers by applying a [-us
pulse to the transfer gate. Then, the entire
detected 1mage 1s shifted down—row by
row in unison—by a B clock, and it s
transferred into a 128-eclement output C
register, one hne at a time. The horizontal
lines are then transferred out from the
register by a high-frequency C
clock before the next horizontal line is
shifted in. Since the output horizontal
CCD register has 128 bit positions. only
the even-numbered bit positions are loaded
durning the hine shift from the B to the C
register.

Klein/Foberts/Chin: Infrared-camera system developed to use the Schottky-parrier IR-CCD array

Fig. 2. Schottky-barrier array camera system. Daa converter, scan converter, camera-
control electronics and camera head with optics are shown.

The output C register is designed to be
operated with a de-biased charge-preset
input, also referred to as a fill-and-spill
input. This electrical input allows for the
introduction of adjustable amounts of bias

charge (fat-zero) into all bit positions of’

the C register to improve the transfer efti-
ciency of the C register. The bias-charge

packets are introduced into one end of

the C register in sequence with the read-
out of signal plus bias charge at the other
end.

The 128-by-1 A register, a non-output
stage, 1s designed with a de-biased charge-
preset input. This clectrical input allows
for the introduction of adjustable amounts
of bias charge. clocked in synchronism
with the C clock, into all 128 bit position
of the A register. These bias charges can

SOURCE GATE

then be transferred. line by line. from the
A 1o the B registers to provide bias charge
(fat-zero) for all bit positions in the B
registers.

The addition of this register enhances
the overall performance capability of the
FPA as follows:

e The addition of bias charge into the B
registers improves their transfer
cthiciencies;

o The overall array operation can be
checked. at room temperature, by intro-
ducing a fixed digital pattern of biased-
charge signal packets into the A and C
registers;

The FPA can be used for moving-target
indication (MTI) by taking the signal
output of the C register, and inverting

BIAS/SIG’ML IN HORIZONTAL CC1 SHIFT REGISTER (A]
SOUREE S| 128 IG 125 z | SR vl
STROEE : — .2 : -
128 (Ve ] | T rransren oare
121 T*—-{:J T O
126 %‘“—C] {43
125 11 ‘f {:—TJ
o o OETECTOR =
JP ] DIODES ] U v
~ (] VERTICA CCD .
| SHIFT REGISTERS =
(8t
4 _L n ]
3 vft+(]
.—* -
t 2 _l_ + L=t
ROWS RESET
1 |
L
BIAS/SIG4AL '"j s i I—
SOURCE —{_ 55 | |2ﬂ lzﬂ[ 126 [ i5]—>» % SC ———e 2 [ U | FOA_}—»
STROBY 3 ?vmsc QUTPUT
SOURCE FLOATING DIFFUSION
GATE AMPLIFIER

Fig. 3. Construction ot Schottky-barrier IR-CCC array. The readout organization of tne
area IR image sensor is patterned after the interlire transter geometry
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Fig. 4. Simplified timing diagram. The IR image charge is transferred to the B register
from the Schottky diodes (60 times per second), and then it is clocked row by row from the
B to the C register and out of the chip through the C register.

and recirculating it back into the B reg-
ister by way of the A register. The first
frame out ol the arrav will contain all
video. The second frame minus the first
will contain all video information trom
objects that are moving within the
seene.
A simplitied timing diagram is shown in
Fig. 4. As shown. the detected IR signals
are translerred to the B registers. once
everv 1760 second. during the vertical blank-
ing interval.
Immediately tollowing this transfer. 128
horizontat lines of video have left the FPA
via the B and C registers and the output-

RESET | 2
LEVEL —
(REAL ZEROD)

8+C

+

8y

VIDEQ o

SATURATION
LEVEL

SIGNAL

ACTIVE LINE
v TIME

Noating-diltusion amplificr. The horizon-
tal line period is approaimately 120 us.
which consists of 15 us of “blank time™
allotted for B-1o-C and A-10-C transfer
and 105 us of active line time. During the
active line time. the A and C clocks, run-
ning at 1.2 MHz. allow for readout of the
C register. and for introduction of bias-
charge packets into both the A and C
regIsters.

For normal operating situations, the
resulting signal output waveform is shown
in Fig. 5. As shown, the reil-zero output
level of the FPA is at 8.6 volts. The fat-
zero C level (level of charge packets in-

-PIXELS [BITS)

3 128

jected into C register onlv) is ut 8.2 volis
and the fat-zero B-plus-C level is at 8.0
volts. The level due 10 detected IR-signal
charges extends from 8 volis to 6 volts for
a total signal range of 2 volis. Since the
RMS noise is typically less than 0.2 milhi-
volts and the sensitivity is 10 10 15 milhi-
volts tor scene temperature differences of
1°C. the overall dvnamic range of the
FPA is greater than 10.000 o 1.

IR camera design

A block diagram of the IR camera is
shown in Fig. 6. The camera-head elec-
tronics. consisting ol the A, B. and C
clock gencerators, the video preamp, and
the FPA-clectrode voltage-adjustment pan-
el, have been located as close as possible
to the FPA 10 minimize noise pickup and
1o reduce the number of wires going from
the camera-clectronics box to the camera
head.

The camera-clectronics package consists
of: a svnchronizer. a power converter. i
video preprocessor. an automatic black-
level controller. a video mixer/image-com-
pressor. an output video buffer. vertical
and horizontal sweep-voltage generators.
and a pinel corrector.

The svnchronizer is cryvstal-controtled
1o produce jitter-free video output. The
video preprocessor accepts the video from
the camera-lhead preamp and provides a
sampled video-signal output with an ab-
solute minimum of noise. The automatic
black-level control circuit automatically ad-
justs the preprocessor signal output 10 it

FAT ZERO
LEVELC

—

RANGE OF SIGNAL
INFORMATION

FAT ZERD LEVEL

8+C

HORIZONTAL

BLANK TIME | 8¢

\_J I {YO TO 15 MV PER DEGREE KELVIN|

Fig. 5. Signal output of a focal plane array (one horizontal line). The output of the focatl
plane array covers a tremendous dynamic range of approximately 10,000 to 1.
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Fig. 6. IR Focal Plane Array camera. The camera feaiures are: double-correlated sam-
pling, automatic black-level control, pixel correction, ana logarithmc compression.

de level that places the scene’s back-
ground-level signal at the black reference
setting. An awtomatic/manual switch is
also provided for manuat setting ot black
fevel. The video output processor consists
ol a video compressor. a video mixer, a
filter. and an output butter amplifier. The
logarithmic video compressor is needed
to handle the very wade signal dvnamic
range. The sensiuvity control. by varving
the input signal 1o the video compressor,
allows tor the enhancement of o target
with a specific temperature within an over-
all seene. The video mixer allows for the
summation of mixed blanking with the
video signal information. A two-pole video
filter opuimizes the video bandwidth.

The pixel correction 18 used 1o provide
a correction signal for improving both the
shading and pixel nonuniformity duce to
fixed offscts in the array. A correction
signal is generated by capping the lens
and loading a frame of uncorrected video
into the RAM memory by wayv of the
A/D. The RAM-memory correction sig-
nal is summed back into the video by the
D/A and a sample/hold switch on the
preprocessor board. Sensor diodes that
are cither shorted or open will generate
correction signals that are either all zeros
or all ones. For either condition the sam-
ple-and-hold circuits are inlibited. Picture
quality 1s unaffected because. tvpically,

Klein/Roberts/Chin: Infrared-camera system developed to use the Schottky-barrier tR-CCD array

tewer than 10 diodes are bad. Horizontal
sweep. vertical sweep, and Z video out-
puts are also provided in the camera elec-
tronics for use with an XYZ display.

Data converter

The data converter, depicted in the block
diagram of Fig. 7. contains both a high-
speed A/D converter and a high-speed
D/A converter, cach capable of process-
ing at a rate from de to 5§ mega-conver-
sions per second. Designed 1o be opera-
tionally compatible with a particular high-
density digitat recorder. it is a self-con-
tamed. general purpose subsysiem to sup-
port the IR-CCD camera electronics in
storing and recovering video data on mag-
netic tape. To preserve the dynamic range
ot the IR-CCD signal on tape for post-
analysis. all video data is 12-bits long.
Recorded with the video data are the data
clock, horizontal syne and vertical sync
for pixel. lime and frame-timing references.

The A/D converter uses the data clock
1o idenufy the pixel location in the input
video and 10 serve as the encode-com-
mand signal. To compensate tor the se-
quental processing delay in the A/D con-
verter, both the horizontal and vertcal
syne signals are delaved four data-clock
periods betore thev are provided for re-

cording. A total of 15 data lines—consist-
g of 12 magnitude bits, 2 timing bits,
and a data clock—are provided 1o the
digital recorder and. simultancously via
parallel output connectors. 10 other sup-
port or signal-processing equipment, such
as the scan converter. In the latter case.
immediate TV-monitor viewing trom the
IR-CCD camera is obtained.

The ID/A converter receives data trom
the digital data recorder and reproduces
the IR-CCD video signal along with the
horizontal and vertical sync signals for
driving an x-y monitor. To simphfy test-
ing of both converters, the output of the
A/D section can be sent 1o the D/A con-
verter via a 15-bit-wide muluplexer. All
data lines are butfered by differential inter-
face circuits 1o minimize common-mode
grounding problems.

Scan converter

Ta view the IR-CCD video signal on a
standard TV monitor. the processed video
from the sensing-array electronics is mod-
ifted by a scan converter 1o provide the
required NTSC waveform signal. The scan
converter accepts 12-bit paraltel video data.
plus trame and line reference timing, from
a high-density digital recorder or directly
from the camera via a video A/D convert-
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Fig. 7. Data converter block diagram. This multi-function support unit provides a signal
conversion interface between the IR-CCD camera and a magnetic tape recorder or NTSC
scan converter for real-time recording and/or standard TV viewing. It also can be used to
convert recorded data back to electrical signals for driving an X-Y CRT monitor.

er lor real-time viewing. Two parallel, 75-
ohm compaosite video outputs as well as
sclected svne and test signals are
available.

The primary function of the scan con-
verter s to inerease the IR-CCD data
rate needed tor reconstructing the video
portion of the NTSC composite signal. It
adjusts the rate to produce a square pic-

ture (the view seen by the staring arrav),
and aligns the picture to the center of the
TV screen. To improve picture quality.
the scan converter can perform interpola-
tion (a moditied moving-average scheme)
in the vertical dimension. Smoothing in
the horizontal line is controlled by LC
integration. The scan converter can han-
dle either the 32(H) X 64(V) or the 64(H)

X 128(V) IR-CCD sensing array.

A block diagram of the scan converter
is shown in Fig. 8. The frame-svne signal
is re-referenced to the internal clock fre-
quency of 13,104 MHz 1o nunimize
frame-to-frame coupling jitter. The crys-
tal-controlled clock is counted down 1o
3.27 MH/ for the line-interpolator control
section and to 504 kHz tor the NTSC

504
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Fig. 8. Scan converter block-diagram. This support unit translates digital data and timing
signals from either a magnetic recording or a data converter to a NTSC composite videc

signal.
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Fig. 9. Walter Kosonocky, RCA Labs, holding hot (left hand) and
cold (right hand) cups.

syine generator, To isolate the two ditterent
video data rates between the external data
source and the internal processing logic. a
192-word. 12-bit-wide FIFO (first-in,
first-out) input butfer memory is used.
The input butter provides data storage
for up to three 64-pixel IR-CCD lines.
For the 32 X 64 array. the input data rate
is 163.800 words per second: tor the 64 X
128 array. the rate is 655.200 words per
second. To facilitate a svstem self-check.
a data set for a ““checkerboard™ test pat-
tern can be sent to the input FIFO butffer
via the input multiplexer.

The NTSC syne generator provides the
standard horizontal and vertical timing
signals for constructing the composite
video signal as well as for synchronizing
the line-interpolator-control logic. Within
the line-interpolator section are two FIFO
memories, cach with a capacity of 128

Fig. 11. U.S. Army Jeep. IR image of jeep taken with 64 X 128
array sensor. Note the (black) windshield and (white) hot grill and
the reflection of exhaust system on the ground.

Fig. 10. A TV close-up cf a man'’s face. Note his cold nose.

words. 12 bits wide. While operating,
FIFO memories B and C store a word
group for exactly one line. If line interpo-
lation 1s not desired. the output data from
FIFO memory B is sent directly to the
D/A converter. When line interpolation
is selected. the data strean: to the D/A
converter alternates between the output
of FIFO memory B and the output of the
12-bit_adder. which adds one pixel (12
bits) in a current line from memory B to
a4 same-column pixel in a previous line
from memory C as the data groups are
recirculated within cach FIFO memory.
The divide-by-two function is obtained by
shifting the data connections o the D/A
input multiplexer by 1 bit. the result being
an averaged value between two same-col-
umn pixels in adjacent lines. The schedule
of unmoditied and interpolated lines for a
240-line field is controlled by two PROMs,

one for cach size sensing array serviced.

The ratio of IR-CCD lines to TV lines
is selected to have all array pixels visible
on the viewing screen. As implemented. a
ratio of 4 IR-CCD lines to 15 TV lines
was chosen for the 32 X 64 array and a
ratio of 8 IR-CCD lines to 15 TV lines
was chosen for the 64 X 128 array. The
240-line screen s divided into 16 blocks
of 15 TV hnes.

The word rate to the D/A converter is
automatically determined by the array size
be:ng handled by the scan converter. For
the smaller array. the D/A converter input
data rate is 819,000 words per second: for
the larger array the rate is 1.638.000 words
per second. To produce the composite
video signal. the video mixer-driver com-
bines the mixed sync and mixed blanking
signals trom the syne generator and the
“de-ghtched™ output trarm the [D/A con-

Fig. 12. U.S. Army Armored Personnel Carrier (APC). Note the
exhaust (white spot) and tne driver image.

Klein/Roberts/Chin: Infrared-camera system developed to use the Schottky-barrier IR-CCD array 65




verter. The scan converter operates as a
self-contained unit with its own ac-dc
power-supply system.

Summary

The overall IR-camera system has been
tested during day and night operations.
and it has obtained excellent IR signa-
tures of tanks, trucks. jeeps, armored per-
sonnel carriers, helicopters and high-per-
formance aircraft. The sensor has suc-
cessfully demonstrated that it can “see”
through smoke. haze and dust. Examples
of the imagery obtained with this cam-
era system are shown in Figs. 9. 10, 11,
and 12.
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M.J. Cantella

Design and performance prediction
of infrared sensor systems

The sky’s the limit for applications
of these temperature-sensitive imagers.

tural and thermal technology, target- and
background-radiation phenomenology, at-
mospheric physics, and operational sce-
nario strategies.

A typical flow diagram of military-sen-
sor system design parameters is presented
in Fig. 1. The hardware design elements,

cluding entry. processing. and retrieval.
Compared to other technologies. electro-
optics offers high operational capability
in small, lightweight, low-cost packages.

Abstract: Effective modeling for infrared
(IR) systems requires an orderly integra-
tion of diverse technologies and languages
associated with radiation physics, solid-
state sensors and circuits, oplics, pointing-
and-tracking mechanisms, signal proces-

sors, display hardware, and human factors.
This paper describes the procedures, com-
puter models and software, and the signal-
and daia-processing facilities used success-
Sully for performance assessment, design
ireration, and performance prediction.

System design methodology

The design of electro-optical systems
requires an orderly integration of diverse
technologies. These include device phys-
ics. optics, circuit design, signal and data
processing, gimbal and servo design, struc-

shown in the central block, include the
opto-mechanical assembly, sensor config-
uration, signal- and data-processing func-
tion. and weapon characteristics. Con-
straints on the hardware design are shown
on the left and include operational re-

Examples of IR Schouky-barrier-array
sensor systems demonstraie thai current

and future hardware offers high potential
Sor military, industrial (monitoring and
automation), medical, and energy
applications.

HARDWARE SYSTEM DESIGN
e DPTO-MECHANICAL
* OPTICS/00ME

SCENARIO/
TACTICS

- o STRUCTURE HARDWARE DEV
- AERODYNAMICS L & PROCUREMENT
o POINT/STABILIZE TRACK SPECS.
MECHANISMS

Electro-oplical hardware is playing an
increasingly important role in Government
and commercial systems. The key to the
performance of these systems is the avail-
ability of sensors of high resolution and
high data rate covering a wide spectral
region. In tactical and strategic military
applications, these systems can be used to
detect, locate, identify, track, and destroy
targets with unprecedented speed and ac-
curacy. The sensors can operate passively
or in conjunction with laser illuminators
to provide not only high performance,
but high resistance to countermeasures.
Commercial areas of application span sur-
veillance, inspection, diagnostics, automa-
tion, and all types of data handling in-
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Fig. 1. Methodology for military sensor sysfem design-and-performance assessment.
Cost-effective electro-optical sensors can be designed to meet complex military require-
ments.
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quirements, the military environment, and
related hardware-system characteristics.
Shown on the right are the principal out-
puts of the hardware-system design pro-
cess: development/procurement specifica-
tions and performance estimates. The com-
plexity of most systems usually requires
an iterative procedure to produce an op-
timum system configuration.

Recently, the development of solid- state
infrared (IR) focal plane arrays (FPAs)
has been pursued intensively by several
laboratories within the IR community.'
These devices are expected to permit sen-
sors to be designed for unprecedented per-
formance at a fraction of the size and cost
of currently available mechanical-scanning
sensors.” RCA Laboratories has been es-
pecially successful in the development of
Schottky-barrier FPAs that operate in the
I- to 5-um spectral region and that have
sufficiently high uniformity to yield high
sensitivity without elaborate signal proces-
sing. Their monolithic silicon construction
makes obvious the future potential for
high resolution, high yield, and low cost.
Because of the importance of this new
RCA-developed technology, it has been
chosen as a theme for exemplifying the
sensor-system-design process described in
this paper. A description of the Schottky-
barrier FPAs is presented in the compan-
ion paper by W.F. Kosonocky, er al.,
RCA Laboratories, and a description of
associated sensor and signal conversion
hardware is presented in the companion
paper by J. Klein, er al., RCA Automated
Systems.

To permit quantitative trade-off of FPA
and hardware design-and-performance pa-
rameters, a comprehensive model was de-
veloped.® This model has been extremely
useful for the establishment of Schottky-
barrier FPA- and hardware-development
priorities that harmonize with emerging
military requirements. It has also yielded
considerable insight into future applica-
tion potential of this technology in medi-
cal diagnostics, energy conservation, se-
curity systems, and industrial controls and
robotics. A brief description of this model
follows, along with facilities for its use
and examples of system-performance pre-
dictions and demonstrations.

Performance model

Electro-optical image-forming systems
have wide application. Vacuum-tube and
solid-state sensors are available and under
development to cover spectral radiation
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from the ultraviolet to the far infrared.
Sensor outputs can either be displayed for
direct interpretation by a human observer,
or they can be processed for automatic
and semiautomatic functions such as de-
tection, moving-target indication, tracking,
and pattern recognition. Most of these
systems are complex, and systematic and
accurate analytic methods are needed for
their design and for computation of per-
formance. The technical community has
developed a wide variety of standards that
involve various test patterns and threshold
performance criteria. These standards re-
quire interpretation on a common ana-
Iytic base, especially when various spec-
tral regions are employed simultaneously
to achieve a satisfactory system per-
formance.

A common standard, resolving power,
is the highest periodic-bar spatial fre-
quency (f) at which the bars are discern-
ible. Technologists working in the visible
spectral range have generally adopted a
three-bar chart as a standard. The infrared
community generally uses four bars, and
they have extended their standards to in-
clude Minimum Resolvable Temperature
(MRT), which is a plot of differential tem-
perature versus spatial frequency. A re-
lated standard is Minimum Resolvable Con-
trast (MRC), which is a plot of required
contrast versus spatial frequency for a fam-
ily of exposures. This standard is mostly
applicable to retlected-illumination, low-
contrast imagery. Periodic-bar-pattern
standards include various threshold (S/N)
imaging criteria based on visibility statis-
tics, operator viewing-distance and fatigue,
and so on. These standards provide a
particularly good measure of a system’s
ability to reproduce changes in small image
details.

Aperiodic bar patterns provide a useful
measure of reproduction of isolated image
details. These details can be well resolved
by the imaging system or can be too small
to be resolved. Standards for detection of
this type of pattern have application to
image and point-source detection, adap-
tive-gate tracking. and pattern recognition.

One standard, evolved by the IR com-
munity, is Minimum Detectable Temper-
ature (MDT), which is a plot of differen-
tial temperature versus the reciprocal of
the size of a square input pattern. A re-
lated standard, used in the visible spectral
range, is Minimum Detectable Contrast
(MDC). which is a plot of threshold con-
trast versus the reciprocal of the size of a
square input pattern, for a family of
exposures.

The recent progress in development of
IR FPAs and the great multiplicity of IR-
imaging applications have presented a
challenge for bridging the gap between
FPA and system performance. The key to
the attainment of this objective is the
proper modeling and measurement of var-
ious FPA noise components.

In many infrared applications, earth
background produces such low contrast
that to achieve satisfactory performance,
system responsivity uniformity must be
extremely good.“sAs a result, most equip-
ments developed in the past employ a
combination of mechanical scanning and
a small number of cells to allow practical
compensation of cell-to-cell differences.
Some excellent performance models have
been generated for these systems.® How-
ever, for staring, solid-state FPAs, there
has been a need to extend previous per-
formance modeling and measurement
techniques to include fixed-pattern noise.

Especially in high-contrast imaging situ-
ations, additive noise (video preamplifier,
dark current, and so on) often dominates
system performance. This type of noise
can have a wide range of amplitude and
spatial characteristics that require proper
description for sensor-system performance
computation.

The model depicted in Fig. 2 was devel-
oped for computation of imaging-system
signal-to-noise ratios for aperiodic and per-
iodic rectangular input patterns of arbi-
trary shape, size, and orientation. Expres-
sions are formulated in terms of electron-
density exposure so that they can be ap-
plied to any spectral region through
straightforward radiometric calibration.
This model includes exposure level and
contrast: aperture response functions;
quantum, fixed-pattern and peaked-am-
plifier noise components; and visual and
automatic system threshold criteria. Max-
imum use is made of space-domain, noise-
equivalent aperture functions to permit
efficiency of computation and direct as-
sessment of the effect of alternative linear
and nonlinear hardware design-and-perfor-
mance parameters. A smooth and accu-
rate transition between resolved and un-
resolved image-forming situations permits
application of the model to a broad range
of system problems, including variable
range and/or variable magnification. This
model differs from most in its ability to
quantify the effects of fixed-pattern noise,
so it is especially useful for assessment of
IR FPA systems.

The central computational block in Fig.
2 (solid lines) contains the image-pattern
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Fig. 2. System performance model. Image pattern signal-to-noise ratio is the key to effec-

tive system-performance modeling.

SNR models. These models provide a space-
domain measure of SNR that can be inter-
preted directly in terms of the input geo-
metric pattern of interest and of the out-

put processing criteria. Computation of

SNR is pivotal 1o the achievement of accu-
rate results from the model. The basic
approach, mtroduced and used success-

fully by Schade.™ ® uses the geometry of

the pattern and an assumption of* white-
noise electron density to torm a S/N quo-
tent. Each noise component is then cor-
rected by a factor that accounts for non-
white characteristics caused by such phe-
nomena as MTF filiering and amplifier
peaking. These correction factors contain
space-domain spread factors that are sum-
med appropriately. Working in the space-
domain as much as possible preserves vis-
ibility of the etfect on overall SNR pertor-
mance of the various parameters. The image-
pattern S/N theory, which is the basis for
this model, is described in the literature.”
As shown in the fast block. performance
quantities obtained from the central block
and referred to the image plane can be
translated 1o system  performance by
straightforward scaling using optics focal
length and scenario geometry. The noise-
characterization block provides quantum,
addiive and mutuplicative components ob-
tained from hardware design-and-pertor-
mance quantities. The MTF-analysis block
represents standard static- and dynamic-
response functions cascaded to provide
overall system MTF and noise-equivalent
bandwidth. The exposure-computation
block uses input radiation, spectral re-

spousivity, and integration time to pro-
vide image contrast and signal.

A high degree of validation of this
model has been achieved with TV and IR
FPA sensors. Accurate prediction of svs-
tem performance has been accomphished
with a consistent methodology even for
complex situations that contain both ther-
mal emission and reflected components of
radiation from object and background.
Therefore, the model can be used 10 ana-

lyze alternative hardware designs and to
predict performance of systems used for
detection, autonomous acquisition, and
tracking. Examples of uts use are pre-
sented later in this paper under the “IR
Schottky-barrter array systems™ heading.

Data processing and
recording facility

The capability of modern data-acquisition
and computing equipment has provided
unprecedented speed and accuracy tor pre-
diction of performance and tor synthesis
of IR systems. A comprehensive com-
puter-analysis-and-simulation capability
has been under development at RCA Auto-
mated Systems. The overall concept for
this tacility is presented in Fig. 3. and the
capabilities embodied are listed in Table
L.

The system has high utility for both
hardware and software designers and can
be applied to contract and to new busi-
ness activities. The modular structure and
universal language permit interchange of
theory, hardware performance measure-
ments, and actual hardware to provide
realistic simulation of system performance.
Application to IR Schottky-barrier scnsor
systems has produced accurate perfor-
mance assessment and design iteration.

Input data can be obtained from cither
live camera video or video previously re-
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Fig. 3. Sensor data-processing and recording capability. Analog and digital equipments
have been integrated into a sensor data-processing and recording facility.
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Table I. Analysis and simulation
capability.

RCA-generated programs
o System-performance analysis
e Missile-trajectory simulation
e Automated focal-planc-array testing
e Array characterization

e Defect data generation and
PROM-compensation data transfer

Governmeni-furnished programs and daiabases
¢ System-performance models

o Atmospheric-transmission and
path-radiance model

e Target and background signature data
Hardware data manipulation

o Ficld-data assessment and recording

e Camera/display optimization

e Processor/tracker algorithm evaluation

corded digitally on tape. This video is at
slower line rates than standard TV and
can be displayed on a slow-scan monitor
directly, or after video processing. In addi-
tion, it can be converted to standard TV
format for display or recording on TV
tape. The slow-scan IR data can also be
transferred to a digital computer via a
microprocessor. This microprocessor has
been tailored for use in this system pri-
marily for automation of IR FPA per-
formance measurements and for genera-
tion of defect-correction PROMS. It also

can transfer and display image data sent
to and received from the host computer.

The host computer could be of any
type, either dedicated or time-shared: but
application of the system with actual im-
agery and/or with RCA and Govern-
ment-furnished performance and simula-
tion models demands the speed and stor-
age capacity of a large, dedicated com-
puter. To permit rapid iteration of the
system design. interactive programs and a
graphic display and plotter are used. Per-
formance records are stored on magnetic
tape.

IR Schottky-barrier array
systems

Attributes of array technology

Schottky-barrier IR charge-coupled devi-
ces (CCDs) have been under development
at RCA Laboratories partly under Air
Force sponsorship since 1972, These de-
vices cover the 1- 1o 5-um spectral region
and are of monolithic silicon construction.
Fabrication procedures have permitted re-
duction of cell4o-cell nonuniformities to
below 0.5% rms, providing the potential
for high-sensitivity earth background (300
K) imaging without need for complex signal
processing. The silicon construction allows
low-cost production and the fabrication
of large high-density arrays using relatively
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SENSOR ARRAY UNIFORMITY REQUIREMENT - n [ NON-UNIFORMITY]
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Fig. 4. IR sensor array uniformity. The excellent uniformity of Schottky-barrier arrays pro-
vides high thermal sensitivity without the need for complex signal processing.
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standard integrated circuit processing tech-
nology.'*"*

A perspective on the requirement for
array uniformity for IR imaging in a 300-
K background can be obtained from Fig.
4. This figure shows the % rms nonuni-
formity permitted versus the noise equiva-
lent AT desired for the sensor system.
The characteristics were derived from black-
body functions for the 3- to 5-um and 8-
to 14-um spectral bands. Note that the
requirement is somewhat more stringent
for the 8- to 14-um band. and that to
achieve good performance in either band.
nonuniformity must be less than one per-
cent. As indicated on the figure, currently
fabricated Schottky-barrier arrays with in-
herent nonuniformity in the 0.1% to 0.5%
rms range make it possible to attain excel-
lent (=0.1°C) thermal sensitivity without
the use of video processing for uniformity
correction. This can permit concentration
of processor design on the important prob-
lems of image interpretation and track-
ing-signal generation. An example of imagery
obtained with a 64 X 128-element Schott-
ky-barrier array is presented in Fig. 5.
Note the thermal detail in the human face
and clothing and the very large signals
produced by the cold drink and hot pipe.
Even much hotter objects can be imaged
without bloom because of the inherent
self-limiting properties of Schottky-barrier
photodetection.

Superimposed on Fig. 4 is the approx-
imate range of nonuniformities reported
for competing array technologies. A sub-
stantial amount of processing tailored to
an individual array is necessary to achieve
adequate performance with alternative
approaches.

Application thrusts

The outstanding characteristics of Schott-
ky-barrier FPAs provide the potential for
many new applications. Presented in Fig.
6 are the anticipated thrusts for these appli-
cations as driven by the special properties
of the hardware and the imaging phe-
nomenology.

The monolithic silicon construction of
Schottky-barrier FPAs is the most fun-
damental attribute. The close similarity to
integrated circuits provides the basis for
low-cost, high-volume production of ar-
rays of high resolution and high unifor-
mity. This can make economically feas-
ible the manufacture of military weapons.
security systems; and inspection, monitor-
ing. and diagnostic systems for industry
and medicine.
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Operation of these arrays in the staring
mode eliminates the need for mechanical
scanning and permits observation of tran-
sient phenomena. This staring mode can
be used not only for acquisition of imag-
ery but for radiometry and heat-seeking
applications. Compared to previous non-
imaging instrumentation, which use chop-
ping reticules, these imaging radiometers
can provide unprecedented levels of sensi-
tivity and background discrimination be-
cause of the inherently high spatial
discrimination.

For some important applications, it is
desirable to supplement a narrow-angle.
high-frame-rate, staring mode of opera-
tion with a very-wide-angle. low-frame-
rate mode. This dual mode can be imple-
mented conveniently by addition of slow-
speed mechanical scanning while operating
the two-dimensional array in a Time-De-
lay-Integration (TDI) mode. In TDI, in-
formation stored in the array is shifted
(clocked) continuously, one line at a time,
in the direction of scanning to provide
continuous. high-sensitivity acquisition of
imagery. Transition to the frame mode is
accomplished when desired simply by clock-
ing the information at the frame rate.
This dual mode of operation is applicable
to many search-and-identification scenar-
ios associated with weaponry, defense sys-
tems, search-and-rescue operations, and
inspection and monitoring systems.

The realization of future applications
of Schottky-barrier arrays is dependent
on appropriate utilization of phenomen-
ology associated with the 1- to 5-um spec-
tral region. For high-performance thermal
imaging, the 8- to 12-um band has been
used almost exclusively in the past. The
fundamental reason for this stems from
the fact that for earth-background (300
K) imaging. thermal contrast is very low
(less than 1 percent for 0.1°C differential
temperature). This low thermal contrast
demands detector uniformity that is so
good that the preferred sensor implemen-
tation has been the use of one or a limited
number of detectors, scanned mechanically.
Scanned detectors can intercept only a
small fraction (typically 107) of the phot-
ons collected by the optics, so operation
in the 8- to 12-um is preferred since photon
flux is approximately 100-times higher. The
achievement of practical staring-mode op-
eration, made possible by the high uni-
formity of Schottky-barrier arrays, has re-
cently produced demonstrated high thermal
sensitivity in the 3- to 5-um band.

This new thermal-imaging capability will
permit exploitation of several phenomena

Fig. 5. High quality IR imagery obtained from a 64- by 128-Schottky-barrier FPA. IR

s

imagery of high sensitivity and wide dynamic range has been obtained from 64 X 128

Schottky-barrier FPAs.

in the 1- to 5-um band. For images that
are reasonably warm (AT > 10°C),
black-body theory predicts that thermal
contrast and signal-to-clutter ratios are
higher in the 3- to 5-um band than in the
8- to 12-um band. This provides enhanced
capability for military systems for auton-

omous target acquisition. For long-range
detection and acquisition requirements,
this enhanced thermal contrast combined
with the higher optics resolution inherent
to the 3- to 5-um band will permit signifi-
cant improvement in the capability of
threat-warning and weapon-seeker sys-

HARDWARE

MONOLITHIC SILICON

PHENOMENOLOGY

STARING FORMAT

o HIGH PHOTON
EFFICIENCY

® N0 MECHANICAL
SCAN

HIGH SPATIAL
OISCRIMINATION

* ROBOTICS

o LOW COST APPLICATIONS 3705 um
o HIGH RESOLUTION HIGH THERMAL
o HIGH UNIFORMITY CONTRAST

o WEAPONS

® LANO/SEA/AIR/SPACE DEFENSE

® SECURITY SYSTEMS

o INTRUSION DETECTION
o TARGET 1D

© ENERGY CONSERVATION

© MEDICAL DIAGNOSTICS

© ENVIRONMENTAL INSPECTION
© INOUSTRIAL MONITORING

1705 um
SUN ENHANCED
SIGRATURES

1705 um
COMBUSTION
SIGNATURES

1703 um

WIOE ANGLE SCAN
o TDI MOOE

LASER
OEVELOPMENTS

Fig. 6. Schottky-barrier array application thrusts. In future applications, the attributes of
Schottky-barrier FPA technology can exploit a multiplicity of radiation phenomena.

Cantella: Design and performance prediction of infrared sensor systems

71




TARGET/BACKGROUND
. ol N, ATMOSPHERE
o N \e T. =l""n
\
\
Y ﬁ_rl
e
SENSOR
o SNR
LAB SOURCE o NI
° Ta
o AT
o !

RECOGNITION CRITERIA

o LIM RESDLUTION (CY/H)
o RANGE/FOV SCALING

DISPLAY

EYE
Eor PERFORMANCE 3OLUTION

RANGE - R [Km)

MRT [°K)

SPATIAL FREQUENCY - | (CY/mRAD)

Fig. 7. Methodology for recognition-range-performance prediction. The basis for predic-
tion of recognition range is visual performance data established for targets and sensor test

charts.

tems. An example of use in industrial
automated machining operations is the
automatic detection of overheated drills
or tool bits.

Although thermal imaging systems can
vield impressive levels of performance
under most day and night conditions, there
are certain periods in which thermal wash-
out (very low contrast) can occur. This
happens mostly during daylight hours due
to the relative heating and cooling. be-
tween object and background. which oc-
curs as part of the normal diurnal cycle.
Recent field tests have shown that it is
possible to improve viewing conditions
substantially during this period by a shift
in spectral filtering toward shorter wave-
lengths to admit sunlight. These and re-
lated techniques are expected to greatly
extend the capability of future staring-
FPA systems, which use the basic 3- to
S-um band for thermal imaging.

Another form of image enhancement
results from the presence of strong emis-
sions in the 1- to 5-um band from com-
bustion products. This greatly enhances
the visibility of operating vehicles in mil-
itary engagements and makes practical the
autonomous acquisition of targets. It also
can provide the basis for air-pollution
monitoring and control.

Lasers that operate in the 1- to 3-um
band are currently under development for
military target surveillance, acquisition,
and weapon control. Many of these sys-
tems could be enhanced by a staring-type
imaging capability. A Schottky-barrier ar-
ray is ideally suited for this function. and
a number of dual-mode (thermal plus laser)
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systems are expected to emerge in the
future.

The schedule for evolution of the ap-
plications cited in Fig. 6 will be deter-

mined largely by the total resolution of

available arrays. This development has pro-

gressed rapidly. Within approximately two
vears, 25 X 50. 32 X 64, and 64 X 128
element arrays have been operated suc-
cessfully, and these are ideally suited for
inexpensive weapon applications.

A 160 X 244 array is currently under
development. and that will provide ap-
proximately one-half standard-TV-quality
images within the next two vears. This
resolution level will be adequate for many
viewing and monitoring systems. Devel-
opment of full TV resolution is expected
to require an additional two years, and
this capability will permit replacement of
many currently deployed 8- to 12-um view-
ing systems.

Tank recognition performance

An important application of the perfor-
mance mode! pertains to the recognition
of military ground targets. The overall
methodology is presented in Fig 7 for a
tank target. IR-imaging hardware perfor-
mance is expressed in terms of Minimum
Resolvable Temperature (MRT), and this
performance is matched geometrically to
empirically derived tank-recognition sta-
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tistics measured in cycles/height. The dif-
ference temperature (target temperature
relative to background) of the tank along
with its size represent the IR signature.

A graphical method for determination
of range performance is also illustrated in
Fig. 7. The MRT scale is logarithmic, and
the spatial frequency and range scales are
lincar. Range is scaled to frequency via
the tank-recognition criterion expressed as
a dimensional spatial frequency. At zero
range, target difference temperature is
equated to MRT, and this difference is
attenuated by the atmosphere (linearly on
semi-log paper for exponential attenua-
tion). The intersection of the attenuated
temperature signature with the MRT char-
acteristic vields the desired range perfor-
mance.

The solution for range can be obtained
alternatively with a computer, usually
using iterative procedures. More exactly,
nonexponential atmospheric attenuation
functions may be included to represent
not only homogeneous atmosphere, but a
variety of natural and man-made obscur-
ants. Using the general method previously
outlined and a periodic-bar SNR compu-
tation. MRT for a FPA can be computed.

This MRT model has been validated
repeatedly with experimental measure-
ments. One such example (expressed in
unclassified relative units) is presented in
Fig. 8 for a Schottky-barrier IR focal plane
arrav. The camera parameters used in the
model are listed in Fig. 8. This MRT
model has been included in a digital com-
puter for recognition-range-performance
computation. A graphically illustrated ex-
ample for a Schottky-barrier FPA seeker
is presented in Fig. 9.

An outgrowth of this design method-
ology has been the successful hardware
design. fabrication. and field-test of an
anti-tank missile seeker.'® This secker was
designed for an advanced single-man-port-
able missile, and its compact construction
includes refractive optics. a two-axis gyro-
stabilized gimbal, a 64 X 128-clement
Schottky-barrier array, and cryostat-cooled
dewar assembly. This package has dem-
onstrated the potential for an important
new FPA application.

Aircraft detection range

The range for detection of aircraft can be
obtained by modeling it as an aperiodic
bar and by using the general methodol-
ogy described in the performance model.
Using a suitable SNR-threshold criterion,
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Fig. 9. Target-recognition range. A graphical solution for recognition range can be derived
from characteristics of the target, atmosphere, and sensor.

a solution for range performance can be
obtained in much the same way as pre-
sented for recognition-range solutions.
However, recent experience in the use of
IR FPAs for detection of aircraft has
shown that this methodology must be ex-
tended for the following main reasons:

o Thermal signatures due to skin heating
and engine exhaust can be large enough

« Contributions of solar irradiance to both
target and background radiance can be

+ significant and must be included:

« An aircraft can provide a significant spec-
ular component of radiation:;

e Background clutter represents an im-
portant noise source and must be com-
bined appropriately with FPA noise.

An appropriate methodology for compu-

to violate differential temperature tation of aircraft range performance is
approximations; presented in Fig. 10. Difference radiance
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Fig. 10 Aircraft range-performance methodology. Prediction of aircraft detection range is
highly dependent on complex radiation signatures of the aircraft and the background.
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Fig. 11. Computer-generated aircraft-detection range performance. Aircraft detection range
characteristics can be computed accurately and plotted automatically.

between target and background is attenu-
ated by the atmosphere to obtain signal
exposure. Noise contributions obtained
from FPA and background measurements
are summed appropriately to obtain SNR
for the system-hardware parameters
shown. An SNR threshold is chosen to
satisfy detection-probability and false-
alarm-rate requirements, and a solution
for range is obtained by iteration.

Computation of exposure for the air-
craft is accomplished by adding solar, ther-
mal, and specular components. The solar
component is obtained from the solar ir-
radiance and the Lambertian component
of reflectivity. The thermal component is
obtained from the emissivity and air-fric-
tion-induced heating.

The specular component of exposure is
obtained by use of the specular reflec-
tance component and the background be-
hind the aircraft (terrain, sky, and so on).

The background exposure is obtained
in a similar manner, assuming Lamber-
tian behaviour for both solar reflection
and thermal radiation. Background clut-
ter is difficult to characterize in a way
that permits combining it with FPA noise
components. This has been accomplished
by introducing factors derived empirically
from threshold-exceedance characteristics
of the background and from the charac-
teristics of signal-processing hardware.

A typical range-versus-velocity charac-
teristic generated by a computer is pre-
sented in Fig. 11, This type of characteris-
tic has been validated with field tests. Ad-
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justment of the parameters of the analysis
can permit studies of various sensor hard-
ware-design parameters and of changes in
such environmental characteristics as am-
bient illumination, air temperature, and
aircraft altitude. The methodology has been
extended to the assessment of adaptive,
tracking-gate algorithms used after auto-
nomous acquisition is accomplished.

Summary

The design and performance characteriza-
tion of electro-optical sensor systems has
been enhanced by the development and
use at RCA Automated Systems of a com-
prehensive performance model. The mod-
ular structure of the model and the use of
universal language and units has permit-
ted its successful employment in the de-
velopment of hardware components and
systems that cover a wide spectral region.
The parallel development of a computer-
based analysis, simulation, and automated
measurement capability has facilitated and
enhanced its use.

Of special significance has been the use
of the modeling techniques in the devel-
opment of IR sensor systems associated
with the Schottky-barrier FPAs developed
by RCA Laboratories. It has been possi-
ble to interpret military system require-
ments expressed in conventional units and
translate them into array and hardware
development requirements and priorities
within the constraints imposed by the phe-

nomenology of the environment and the
physics of the sensor. These modeling
techniques have been validated through
extensive field testing with both resolved
and unresolved radiation sources.

Theoretically and experimentally dem-
onstrated characteristics of Schottky-bar-
rier FPAs indicate great potential for
Government and commercial applications.
Development thrusts are likely to start
with moderate-resolution weapon seekers
because of compact size and low-cost pro-
duction requirements. Development of ar-
rays of TV quality is progressing rapidly.
and this is expected to foster additional
applications of surveillance. medical di-
agnostics, industrial automation, and en-
ergy conservation.
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Space applications for RCA infrared technology

A unique detector technology developed by RCA may be crucial
to the next generation of spaceborne sensors.

Fig. 1. "Pushbroom” scanning. Surveillance and earth resources satellites can make use
of very large linear detector arrays (6,000 to 12,000 elements) to gather high-resolution
ground data.
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Abstract: A high-performance shormwave
infrared sensor technology based on silicon
IC technology has been developed. The
maturity of the basic technology and the
high yield of blemish-free focal planes
make Schottky-barrier IR-CCDs an excel-
lent choice for future spaceborne sensors.

NASA carth-resources applications such
as Landsat require multispectral data in
the visible. near-infrared (near-IR), and
shortwave-IR (SWIR) spectral regions to
assess land usage, crop yields, and min-
eral deposits. A next-generation- project,
the Multispectral Linear Array (MLA) pro-
gram, plans to implement large focal
planes of up to 12,000 elements in each of
tfour visible and near-IR bands, and two
SWIR bands (1 to 3 um). Imagery will be
obtained by using a “pushbroom™ scan,
letting the satellite’s motion scan these
large line arrays in a 185-km-wide swath
on the earth’s surface (Fig. 1).

RCA Laboratories has developed a sil-
icon-based detector technology that can
in many ways outperform visible and in-
frared detectors made from more exotic
materials. This technology uses the inter-
nal photoemission effect from a metal sil-
icide to a silicon diode, and conventional
charge-coupled-device (CCD) multiplexing
registers to provide a single serial video
output. The result is a monolithic inte-
grated-circuit chip, based on mature sil-
icon processing, that can contain thou-
sands of individual detectors. To date,
area arrays as large as 64 X 128 elements
(>8.000 detectors) and 1 X 256 line arrays
have been fabricated and successtully used
in military applications. These applications
have included an imaging missile seeker
(area array)* and a physical security in-
trusion sensor (line array).**

Responsivity and cooling

All sensors with useful sensitivity rely on
the photoelectric effect. whereby a photon
striking the detecting material has a high
probability of exciting an electron into a
signal circuit. These sensors are called quan-
tum detectors. The most familiar imaging
sensors are those used in the visible spec-
trum. such as the television vidicon. A
photon of visible light is sufticiently ener-
getic to displace electrons from relatively
stable materials, such as silicon. As photon

* Work done at RCA Automated Systems,
Burlington, Mass.

** Work done at RCA Advanced Technol-
ogy Laboratories, Camden. N.I.
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Fig. 2. A diversity of cut-off wavelengths is possible with Schottky-barrier technology.
Longer cut-off wavelengths require metals with lower electron-work function.

energy decreases for the longer IR wave-
lengths, detector materials that release elec-
trons more casily must be used. Unfortu-
nately, these materials are also more sus-
ceptible to the release of electrons due to
ordinary thermal excitation. These elec-
trons take the form of random noise that
competes with the video signal.

Vidicons and silicon CCDs perform well
as visible imagers at room temperature.
However, it has not been possible to de-
velop a vidicon equivalent for IR wave-
lengths. Single detectors of many different
materials have been used in the conven-
tional IR spectrum (roughly 2 to 12 um)
with images being formed by mechani-
cally scanning a few small individual detec-
tors over the field of view. Advancing
requirements in IR imaging are encourag-
ing the use of large arrays of many ele-
ments to reduce or eliminate the need for
mechanical scanning. The leading mate-
rial now used in this attempt is mercury
cadmium telluride (HgCdTe) compound.
HgCdTe is responsive across the entire IR
spectrum with good quantum efficiency
(Q.E. equals the number of electrons per
photon, and it varies from 0 to 1), and
the material is typically cooled to temper-
atures ranging from 77 Kelvin (K) to 185
K (dependent upon application).

IR quantum detectors have well-defined
arcas of the spectrum to which they are
designed to respond. Intrinsic detector tech-
nologies specify definite cut-off wave-
lengths by tailoring the energy bandgap
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(HgCdTe varies the ratio of the mixture
of HgTe and CdTe to obtain the desired
spectral response). Schottky-barrier detec-
tors can be given different cut-off wave-
lengths by changing the metal used for
the metal silicide photodiodes. With plat-
inum, for example, the detector gives a
cut-oft below 6 um; with palladium, it cuts
off at 3.5 um.

Regardless of the metal, Schottky detec-
tors exhibit increasing sensitivity (quantum
cfficiency) as wavelengths shorten toward
visible light (actually. sensitivity peaks at
I pm when the detectors are back-illumi-
nated through the silicon chip. which will
not pass shorter wavelengths). Optical
bandpass filters are used to constrain the
spectral band to less than a range from |
um to the cut-off wavelength, if this is
desired. Longer cut-off wavelengths require
metals with lower electron-work functions,
which release electrons more easily, and
they require operation at lower tempera-
tures. Figure 2 shows the cooling required
for various cut-off wavelengths with
Schottky detectors.

For infrared focal planes, satellite de-
signers prefer to use passive coolers, which
cool the detector area by radiating into
cold space. Although platinum silicide de-
vices will outperform palladium silicide at
any given wavelength up to 6 um, the
platinum silicide cooling requirement is
more stringent. A passive cooler can cool
these large focal planes to a temperature
between 100 K and 120 K. Because palla-
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Fig. 3. Uncompensated imagery, from a recently produced 32 X 64 palladium array at
130 K (reproduced from video tape).
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Fig. 4. The instrument focal plane. Large dual-band focal planes are made possible by
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dium-based detectors can operate at 120
K or warmer without experiencing exces-
sive thermally generated noise current. and
platinum-based detectors cannot, pal-
Jadium is the material of choice for short-
wave-IR satellite applications.

RCA technology advantages

NASA is currently investigating the com-
peting infrared technology to assess the
best choice for the Multispectral Lincar
Array Instrument and other future land
observation satellites. Early this year, RCA
Advanced Technology Laboratories and
RCA Laboratories submitted a solicited
proposal to NASA to build a prototype
Schottky-barrier infrared focal plane.

The Schottky-barrier technology offers
a number of advantages when compared
to the widely accepted HgCdTe technol-
ogy. Perhaps the greatest advantages of
the IR-CCD technology are its high vield
of defect-free focal planes and its repro-
ducibility. Defect-free 64 X 128 focal
planes have been produced in the mature
platinum silicide (PtSi) technology, as well
as defect-free 32 X 64 focal planes in the
developmental palladium silicide (PdSi)
technology. Each of these technologies of-
fers high vield along with a photoresponse
uniformity on the order of 99.5 percent
rms. Figure 3 demonstrates defect-free,
uncompensated performance of a 32 X 64
Pd,Si focal plane. This high vield and
excellent uniformity have not been ap-
proached by HgCdTe technology.

The IR-CCD is a silicon-based, mono-
lithic technology. This is a distinct advan-
tage when compared to the hybrid con-
struction typically used to produce
HgCdTe focal planes. In the HgCdTe tech-
nology. a separated CCD multiplexer chip
is indium-bump bonded to the HgCdTe
detector array. This adds complexity to
the manufacturing process and attendant
loss in vield.

Table |. Schottky-barrier technology
characteristics.

Characteristics Schotky IR-CCD

8192 detectors

Yield (largest defect-
free FPA shown)

0.2 100.5% rms
Monolithic

77 1o 140 K (Pd.Si)
=90 (Pd,Si)

Nonuniformity
Construction
Operating temperature

Quantum Efficiency
(A = 1.65 um.
AR Coating)

Blooming No blooming and

low cross talk
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Fig. 5. Dual-band 2- by 512-detector chip architecture. The arrangement provides pre-
cise band-to-band alignment of multispectral linear array shortwave-infrared (MLA-SWIR)

Sensors.

A summary of the characteristics of the
Schottky-barrier IR-CCD technology is
given in Table I. The currently attained
quantum cfficiency of Pd,Si detectors is
approximately 9 percent at 1.65 um (one
of the MLA spectral bands). This com-
pares with 75 percent to 95 percent quan-
tum efficiency for HgCdTe. This means
that more signal electrons will be produced
for a given irradiance by a HgCdTe detec-
tor than by a PdsSi detector. However,
the system performance of an imaging
technology does not depend upon quan-
tum efficiency as much as it does on
signal-to-noise ratio. It has been shown
that the detector noise of the HegCdTe
complex-compound technology is significantly
greater than that of PdsSi. Thus, the bene-
fit of the greater sensitivity is partially
consumed by the larger noise component
inherent in HgCdTe detectors,

Mecasurements have shown that the
PdaSi IR-CCD exhibits low noise charac-
teristics and also very good stability, The
stability requirement is important because
it is hoped that the satellite will not require
recalibration more than once every 25 sec-
onds. Indeed. calculations have shown that
the Pd:Si technology will be capable of
meeting or exceeding the NASA-specified
signal-to-noise ratio for the MLA
instrument.
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Foczl plane architecture

RCA has developed an MLA focal plane
architecture that permits the realization of
high-density. high-performance SWIR fo-
cal planes with thousands of defect-free
detectors. The design for the MLA instru-
ment is based on an appropriately sized
chip with a dual-band capability. thus pro-
viding precise band-to-band alignment of
the two shortwave infrared arrays. The
technology vield is high enough to permit
two lincar arrays of 512 detectors each.
These chips will utilize end-to-end abut-
ment to produce larger arrays of contigu-
ous, in-line detectors. For the MLA in-
strument, twelve of these chips would be
placed end-10-end to produce two linear
arrays of 6,000 detectors cach. A concept
view of an instrument focal plane is shown
in Fig. 4.

The architecture for the dual-band chip
is shown in Fig. 5. Each detector array
has its own CCD parallel-to-serial multi-
plexer and NMOS output amplifier. The
device will thus provide two serial output
signals with a minimum of clock and con-
trol waveforms. The operating mode
chosen guarantees no blooming, an impor-
tant reliability feature, The calculated on-
chip power dissipation is only 11 mW,
Thus, a tull dual-band SWIR focal plane

Warren, et al.: Space applications for RCA infrared technology

with 12,000 detectors (2 X 6000) may be
achicved with only a 132-mW power dis-
stpation. This power dissipation is well
within the 120-K operating capability of
satellite passive coolers,

Conclusions

The PdsSi Schottky-barrier technology
offers performance that is an excellent
match to the infrared imaging require-
ments of earth-resources remote-sensing
systems. Indeed. the high vield and matur-
itv of this silicon-based technology may
make it the only viable choice for the next
generation of NASA carth-resource
satellites.
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R.G. Neuhauser

The Saticon* photoconductor:
The latest in color-camera-tube photoconductors

The Saticon photoconductor—with improved resolution, lack of
flare, freedom from blemishes, very low lag, and long life—is
being introduced into the larger high-performance studio

cameras.

Abstract: The history of the Saticon
photoconductor is traced and RCA appli-
cations of the device are given, with an eye
to the primary features of the device: high
resolution, lack of flare, freedom from
blemishes, very low lag, and long life.
Brief mention is given to the latest

Saticon photoconductor technology,

the Saticon I11.

The ariginal Saticon photoconductor was
introduced into production and extensive
camera use in 1977, making it the first
new photoconductor suitable for color-
TV-camera use since the lead-oxide photo-
conductor was introduced in 1966. The
Saticon photoconductor, first applied in
small electronic-journalism cameras and
in color cameras used for reproducing
film on TV, is now being introduced into
the larger high-performance studio cam-
ras. Tubes employing the Saticon photo-
conductor are now used in the over-
whelming majority of three-tube color cam-
eras being sold in North America.

Acclaimed by the IEEE

Dr. Nahiro Goto of the NHK (Japan
Broadcasting Corporation) Research Labo-

* Used with permission of trademark owner.

©1982 RCA Corporation
Final manuscript received April 21, 1982,
Reprint RE-27-3-11
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ratory was recognized with the prestigious
Viadymir K. Zworykin Award of 1IEEE
for the year 1981 for his leadership in
advancing state-of-the-art television tech-
nology by development of the Saticon
photoconductor. The photoconductor de-
veloped by Dr. Goto's team consists of a
sophisticated combination of Selenium, Ar-
senic, and Tellurium, the “SAT" in Saticon
photoconductor. It is one of those rare,
useful, solid-state semiconductors that is
amorphous (glassy) instead of crystalline.
The basic photoconductor is a 4- to 6-
um-thick amorphous selenium layer doped
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with arsenic to produce stability in the
glassy phase and carefully doped in one
region with tellurium to produce adequate
response in the red portion of the visible
spectrum. The success of the photocon-
ductive layer, which must be produced to
exacting standards, is the result of the
sophisticated formulation of its constitu-
ents; its manufacture is successfully ac-
complished by a unique computer-con-
trolled deposition method that controls
the doping concentration profiles through-
out the layer. A cross section of the pho-
toconductor is shown in Fig. 1.
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Fig. 1. The Saticon photoconductor. A schematic cross section.
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Selenium photoconductors—
a long history in television

Selenium, the primary ingredient of the
Saticon photolaver. has been known and
used as a photoconductor or light detec-
tor for more than 100 vears. Many early
experiments, using TV scanning-disc sys-
tems, emploved selenium as the light de-
tector. In fact, the first commercial photo-
conductive camera tube, the vidicon, was
developed by RCA and emploved an amor-
phous selenium photolaver. This layer was
quickly replaced by the antimony trisul-
phide photoconductor, which had longer
life and stability and higher red response.
although the superiority of selenium. be-
cause of its low lag* and high resolution,
was clearly recognized. Later. RCA Labo-
ratories researchers substantiated the abil-
ity of arsenic to stabilize the selenium in
its amorphous form at practical working
temperatures and the ability of tellurium
doping to extend the red response.
Concentrated work by Dr. Goto and
his colleagues at NHK eventually resulted
in the sophisticated layer design of the
present Saticon photoconductors. The manu-
facturing techniques necessary to produce
this superior-performing photoconductor
were finally developed in the laboratories

of Hitachi. until now the sole source of

Saticon tubes.

Chronology

The chronology of developments in Sati-
con tubes in the four short vears of their
use is briefly noted below:

1977: The first Saticon tube in three-tube
clectronic journalism cameras
(BC4408/H8397) is introduced.
Low-beam-impedance (low-lag) gun
emploving Saticon photoconductor
is introduced in the 18-mm di-
ameter tubes. tvpe BC4908/
H8397A.
Low-capacitance Saticon photo-
conductor turther reducing lag
with no loss in resolution or sensi-
tivity (BC4395) is introduced.
1980: Low-output target capacitance
(shunt capacitance) target structure
improving tube signal-to-noise
ratio is combined with the low-

1978:

1979:

* Lag in a television camera tube is the measure
of the rate of decay of the video signal when the
illumination is changed or cut off. The lag is usu-
ally measured as a percentage of the original sig-
nal level after an interval of time following the
removal or changing of the illumination.

82

capacitance photoconductor for
low lag in tvpes BC4391/ H9366
and BC4396/H9369.

Saticon Il photoconductor that re-
duces specular-highlight memory
(the trails or smears that follow
bright spots on the screen) is an-
nounced. A single-doped moditi-
cation of the photoconductor pro-
duced these results.

1981:

The first RCA-made Saticon tube,
the 13-mm diameter Saticon tube,
is produced for the Hawkeve re-
cording camera.
1982: Saticon 11 photoconductor, a mod-
ified version of the low capaci-
tance photoconductor with even
less specular-highlight memory., re-
sulting from a double-doping pro-
cess. is introduced.
The first diode-gun 18mm diame-
ter Saticon 11 wbe is introduced.
The diode gun reduces the beam
impedance and. accordingly. the
low-light lag.
A wide variety of the Saticon-tube types
introduced in this time period were ap-
plied in a number of areas of color broad-
cast and medical television.

The more recently developed group of

tubes are the *low cap™ tubes having both
a low-storage-capacitance photoconductor
(6 instead of 4 um thick) and a low-
capacitance target output. The low-storage-
capacitance photoconductor lowers the lag,
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and the low shunt capacitance of the target
output improves the signal-to-noise ratio
of the picture. Both characteristics con-
tribute 1o better performance at low light
levels: that is. they lead to a higher effec-
tive camera sensitivity, The 18- and 25-
mm-diameter versions of these tubes—
BC4391 and BC4386. respectively—are
now available.

The 13-mm (1/2-in) diameter BC4398
Saticon tube (Fig. 2) was introduced in
1981 as the heart of the revolutionary
RCA Hawkeye recording camera. The low-
er weight, lower power requirements, and
smaller size of this tube contribute sub-
stantially to the smaller size and high per-
tormance of the camera system. The very
low output capacitance and low photo-
conductor capacitance of the tube com-
bine to reduce noise and lag at low light
levels. and both contribute to the excel-
lent low-light-level sensitivity and perfor-
mance of the Hawkeve camera. The Hawk-
eve tubes will, of course. incorporate the
Saticon II photoconductor when it is put
into full production.

Saticon photoconductors are also being
used in the higher-grade color VTR (video
tape recorder) cameras for home and edu-
cational use. These cameras are singie-
tube types that employ internal color
stripes 1o produce the necessary color-in-
formation signals. The high resolution and
low lag of the Saticon photoconductor
are the primary features in these cameras
leading to better color pictures.

Fig. 2. For the RCA Hawkeye recording camera. The 13-mm (1/2-in) diameter BC4398

Saticon tube.
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Fig. 3. Photograph comparing Saticon (right) and lead-oxide-

photoconductor reflectivities.

Features of a
Saticon photoconductor

Resolution

Improvement in resolution is the key offer-
ing of a Saticon photoconductor. The reso-
lution of a Saticon tube is substantially
better than that of any tube, of similar
size by actual measurement, equipped with
a lead-oxide photoconductor. The key to
this highier resolution is the glassy nature
of the photoconductor; it does not scatter
light, but absorbs it almost completely in
the front surface of the layer. As a result,
storage capacitance and lag can be de-
creased by increasing the thickness of the
layer without compromising resolution.
The resolution of a Saticon tube is also
independent of the color channel or the
wavelength of light.

Flare

Unlike lead-oxide photoconductors, which
are highly reflective (Fig. 3). the Saticon
photoconductor does not reflect light back
through the optical system. The result of
the Saticon tube’s almost total absorption
of light at the photoconductor and. hence,
its low reflectivity (lack of flare), is clear
distortion-free colors, even low-light
colors, and clear color transitions with no
discoloration at all levels of the picture,
even when large areas of the picture are
of high contrast or consist of highlights.

Neuhauser: The Saticon* photoconductor: The latest in color-camera-tube photoconductors
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Fig. 4. The new low capacitance Saticon tube (BC4391) show-

ing the low-output-capacitance target contact.

Freedom from blemishes

Blemishes on a Saticon-tube picture are a
rarity both initially and after long use.
The glassy photoconductive layer is virtu-
ally immune to the fracturing and other
breakdown defects that produce conduct-
ing white spots in other tubes.

Very low lag

The ability to capture motion at low light
levels and to avoid color shifts during
motion is greatly improved by three Sat-
icon-tube features: the low-lag, low-imped-
ance gun used in all broadcast-grade Sati-
con tubes. the low-capacitance target
(Fig. 4). and the low charge-carrier trap-
ping effect inherent in the Saticon photo-
layer. This latter effect avoids the low-
contrast long-persistence image that trails
moving objects in other cameras. The di-
ode gun in the new BC4399 18-mm Sati-
con tube produces even lower low-light
lag.

Two highly effective operational tech-

* In bias lighting, a small amount of uniform
illumination is apptlied on the photoconductor.
The amount of bias light usually used is enough
to develop a uniform dark-level signal equal to 5
to 10 percent of the normal highlight signal cur-
rent (5 to 10 nA). Bias lighting as a technique to
reduce lag was discovered accidentally by the
author and T. Shipferling when they were exper-
imenting with early versions of the Vistacon tubes.
The charge voltage developed by the bias light

niques also further reduce the low-light
lag. The first is the use of bias light.* now
used in all three-tube color cameras. The
second is the use of dynamic beam-type
controls that maintain the beam at a low
level for normal scene content and auto-
matically increase it when excessive high-
lights are encountered.

Long life

The glassy impervious Saticon photolayer
is not subject to gas doping from the inev-
itable residual atmosphere in the tube,
nor does it decompose or outgas and **poi-
son” the cathode of the electron gun.
Therefore, the performance of the photo-
conductor does not change with time. Both
the photoconductor and the electron gun
in the Saticon tubes exhibit extremely long
life compared to any other broadcast cam-
era tube with a similar operating-temper-
ature range.

Tube shelf life is no problem; spares,
which can be used in any channe! of the
camera, can be stored lor very long peri-

raises the voltage on the photoconductor scan
side in the absence of scene light to a voltage that
is near the effective velocity spread of electrons
within the beam. The beam kands more fully on
the lowest charges developed by light from the
scene image. Under these conditions, the beam
has, effectively, a low resistance, and the lag is
substantially reduced. Bias light does not reduce
the contrast, since the added dc signal is sub-
tracted out in the signal-processing amplifier.
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Fig. 5. The new Saticon Il layer (right) and its predecessor. A comparison of the memory
reduction of extremely high specular highlights (courtesy Hitachi Corporation).

ods without conditioning. The long oper-
ating and storage-life claims for the Sat-
icon tube are backed by a six-month full-
replacement warranty and a twelve-month
prorated warranty starting from the date
of installation of the tubes.

Saticon |l

One of the latest developments in the tel-
evision camera-tube photoconductors is
the Saticon Il photoconductor. This new
advance in photoconductor technology sub-
stantially reduces the retention or “‘mem-
ory™ of specular highlights (bright spots)
in the television picture; that is, it effec-
tively eliminates most of the smear or
trail that these highlights can produce as
they move across the screen (Fig. 5). In
addition, the Saticon Il photoconductor
performs better than the original Saticon
photoconductive layer at the high end of®
its operating temperature range.

Saticon Il features

The Saticon 11 photoconductor was devel-
oped. as already mentioned, to greatly
reduce the memory of specular highlights.
Specular-highlight memory occurs when a
high concentration of carriers drops into
deep traps in the tellurium-doped region
of the photoconductor, when that portion
of the photoconductor experiences an ex-
cessively bright portion of an image. The
band gap of the photoconductor is con-
stricted at the region where tellurium dop-
ing occurs, and this allows generation of
electronic carriers from lower-energy “red”
photons of light (Fig. 6).
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Excessive light generates a large number
of electronic charge carriers that distort
the field in the region of the doped layer
and reduce the field across the photocon-
ductor (Fig. 7). The carriers that are nor-
mally swept out by the electric field to be
stored as the video signal charges. fall
into traps from which they slowly escape.
producing the memory of the highlight.

The Saticon I tormulation reduces the
number and depth of available trapping
states in the tellurium-doped region and.
as a result, reduces the memory of specu-
lar highlights by as much as 75 percent.

The Saticon Il formulation also pro-

duces the added benefit of better perfor-
mance at the upper end of the opera-
tional-temperature range. Image retention
produced by long-term exposure of sta-
tionary scenes is minimized, and the re-
tained image disappears very rapidly.
These improvements have been made in
the Saticon photolayer without compro-
mising any of its other excellent perfor-
mance characteristics, except blue sensi-
tivity, which is reduced by an approximate
average of S percent.

Saticon Il tube introduction
and availability

The Saticon Il photoconductor became
available in all of the 50-volt-target broad-
cast versions of the Saticon tube (BC4908
and BC4390) in January 1982. These tubes
are identified by the Saticon Il brand.
Saticon Il tubes can be used to replace
carlier Saticon tubes; however, tube re-
placement should be done by the set so
that old and new tubes are not intermixed
in any one camera. Saticon tubes can also
directly replace tubes of other types. For
example. the 18-mm (2/3-in). 7-pin Sati-
con tube with glass tfaceplate extender. the
BC4390. was introduced as optically and
pin-base compatible with the 18-mm
Plumbicon/Leddicon tubes.*

* Plumbicon is a trademark of N.V. Philips.

Leddicon is a trademark of English Electric
Valve.
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Fig. 6. Band-structure schematic of a Saticon photoconductor.
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Fig. 7. Distortion of the field of a Saticon photoconductor by a specular highlight.

Saticon lll

The latest Saticon photoconductor tech-
nology, the Saticon Ill technology, was
developed in the low-capacitance versions
of the Saticon tube. The Saticon III pho-
toconductor is the product of a very so-
phisticated development program relying
on the computer-controlled deposition of
two additional doping agents. The pro-
cess is fine-tuned for the different color
channels in which the tubes are to be
used. Saticon III tubes are, therefore, not
interchangeable in the different channels
of a color camera.

This new photoconductor produces even
greater resistance to memory of specular
highlights and stationary long-term images.
The Saticon III photoconductor requires
a slightly higher target voltage than the
earlier low-capacitance Saticon tubes, that
is, 75 volts instead of 65 volts.

The Saticon 11 photoconductor is avail-

Neuhauser: The Saticon* photoconductor: The latest in color-camera-tube photoconductors

able now in two newly announced types.
the I8mm-diameter diode-gun, type
BC4399 (H9386B), and the 25-mm-diam-
eter low-output-capacitance tube, type
BC4386 (H9379A), which will replace the
BC4396 (H9369) Saticon tube.

Saticon-tube
manufacturing schedule

RCA entered into an agreement to use
Saticon tubes in its broadcast cameras in
1977, and the Electro-Optics activity began
to distribute broadcast color-camera Sat-
icon tubes and to service the broadcast
camera industry in North America and
Europe. An agreement covering mutual
exchange of Saticon-tube and photocon-
ductor technology was a part of this agree-
ment. In 1981, RCA entered into its first
venture in Saticon-tube manufacture when
it developed the 13-mm (1/2-in) Hawkeye

Robert Neuhauser, Senior Member of the
Technical Staff, RCA Electro-Optics and
Power Devices, Lancaster, Pa,, is a gradu-
ate of Drexel University with a B.S. in elec-
trical engineering. Since 1949, he has been
employed continuously at RCA in various
engineering and supervisory capacities in
the design, production, and applications en-
gineering of vidicon, image orthicon, Vis-
tacon, and Saticon television camera tubes.
He is a Fellow Member of the Society of
Motion Picture and Television Engineers,
and recipient of the David Sarnoff Award of
that Society for his leadership in develop-
ing camera tubes for color television cam-
eras. He has published more than thirty
papers on television camera tubes and tube
technology.

Contact him at:

RCA Electro-Optics and Power Devices
Lancaster, Pa.

TACNET: 227-2223

camera tube—the BC4398. Other new
broadcast-type Saticon tubes are also
under active development.
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Publication from the RCA Engineer

According to the RCA Engineering
Information Survey conducted in 1977,
the RCA Engineer is the second most
important source of technical informa-
tion about RCA (the most important
information source is the engineer's
associates). The back issues of the
Engineer—150 of them—provide a
record of RCA's progress in invention,
development, and manufacturing. To
make this wealth of technical informa-
tion accessible to the engineers, a 25-
Year Index to the RCA Engineer has
been published.

The Index can help you find specific
information that is needed in your work.

Or the Index might provide a vital con-
tact in another RCA business, someone
who has related experience and who
would be willing to consult with you.
The Index gives you the opportunity to
profit from RCA's technical heritage—to
reuse knowledge, to build on past
accomplishments.

The 25-Year Index to the RCA
Engineer is available in all RCA
Libraries. Recipients of the RCA
Engineer can obtain their personal
copies by writing to:

RCA Engineer

Building 204-2

Cherry Hill, N.J.

Got an electro- optics question?

If you still can't find what you
need in this comprehensive
update on electro-optics at
RCA, we have another
resource: a collection of 28 ar-
ticles on electro-optics by RCA
engineers and scientists. Com- .
piled in 1977, this collection T
nevertheless represents the J'_J“ “4!‘*=
foundations of much of the _ f'
business that RCA is pursuing

today. The 144-page volume ’
contains articles on light
sources; light transmission
media and devices; light detec-
tors; electro-optics systems;
electro-optics for inspection
and detection; and television for
display, surveillance, and
reconnaissance. Your copy will
cost $2.00. Send your order to:

RCA Engineer

Bldg. 204-2
Cherry Hill, NJ.

Correction note:

March/April RCA
Engineer

“Custom and Quantity Manufac-
turing: An Engineering Compar-
ison,” an article by J.A. D'Arcy
and R. Miller published in the
March/April 1982 RCA Engineer,
contains two errors. The last line
of type in column 1 on page 6 is
missing. That missing line should
begin a new paragraph with the
words: “We will describe both
custom manu-." On page 11, two
photos are reversed. The photo
in Fig. 8 should appear above
the caption for Fig. 9, and the
photo in Fig. 9 should appear
atop the caption for Fig. 8.
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L. Arlan

A high-performance TV camera
for target-acquisition and laser-designator systems

Through electro-optics and associated circuitry, the image
of the enemy can be captured on a 1-inch vidicon

television camera.

Abstract: Television sensors are used in
target-acquisition and laser-designator sys-
tems to provide remote imagery and track-
ing signals when used as a daylight TV
sensor or as the modular FLIR readout
with parallel-to-serial electro-optical mul-
tiplexing. The design of a television sensor
for this application entails stringent
requirements pertaining to imaging-tube
parameters, weight, size, ruggedization,
power, raster stability, electromagnetic
compatibility, and video processing. A
high-performance miniaturized TV sensor
was developed for use on the Target
Acquisition and Designation System/
Pilor's Night Vision System (TADS/
PNVS). Extensive use of hybrid circuitry
and low-power design resulted in a l-inch
vidicon camera weighing less than 1.0 kg
with a power dissipation of less than 7
watts. The raster boresight was stabilized
to within 0.1% of the raster dimension by
the use of circuit compensation techniques.
This stability was maintained under
adverse conditions of temperature, vibra-
tion and earth’s magnetic-field effects. A
ruggedized ceramic vidicon was used to
achieve less than 3 percent microphonics in
a high-vibration environment.

©1982 RCA Corporation
Final manuscript received March 30, 1982.
Reprint RE-27-3-12
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Fig. 1. This high-performance miniaturized TV sensor was deveioped for use on the
Target Acquisition and Designator System/Pilot's Night Vision System (TADS/PNVS).
Extensive use of hybrid circuitry resulted in this compact design (less than 1.0 kg).

Television sensors employing vidicon
imaging devices are being used in target-
acquisition-and-designation systems to ex-
tend the range and accuracy at which
crew members of a weapon system can
acquire (detect, recognize, and lock-on)
targets and launch offensive weapons
against an enemy threat. A typical system
combines long-focal-length direct-view op-
tics, a forward-looking infrared (FLIR)
with remote TV-readout display for night
operation, a high-resolution television sys-
tem for day operation, a laser target desig-
nator and ranger, and a laser tracker all
on a stabilized platform. Modular com-
ponent development for parallel-scan
FLIR systems and daylight TV acquisi-
tion-and-tracking applications have led to
RCA’s development of the miniaturized

tekevision sensor shown in Fig. 1.

The sensor assembly is a l-inch vidicon
television camera, which is the second gen-
eration of a camera originally developed
by RCA for the U.S. Army Night Vision
Laboratory. The camera serves a dual func-
tion when integrated with a direct-view
imaging system. It functions as an electro-
optical multiplexer by imaging the output
of a common-module FLIR having a 180-
parallel<channel LED-scanned display and
providing a serial video for remote imag-
ing and contrast tracking, and it works as
a daylight TV imaging device by provid-
ing daytime acquisition and low-contrast
tracking of long-range targets by means
of an optical system as depicted in Fig. 2.

The sensor can employ either a l-inch
silicon diode array or antimony trisulfide
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target in a highly ruggedized all-magnetic
ceramic vidicon. Extensive use of thick-
film hybrid circuitry has resulted in a high-
performance, compact and reliable design.
Careful attention to design techniques that
stress low power consumption, minimizes
internal temperatures with a total power
dissipation of 6.5 watts. Stringent re-
quirements in regard to vidicon blemishes,
shading. noise. microphonics, resolution
and sensitivity directly affect the ulumate
long-range performance of the target-ac-
quisition-and-designation system.

General requirements

The TV sensor is required to be config-
ured tor minimal size and weight to op-
nmize the gimbal-load requirements with-
out sacnificing pertormance. This was ac-
complished by extensive use of thick-film
hybrid circuitry and by “remoting™ the
power supply. svnchronizer and some
video-processing circuitry. The principal
electrical and mechanical requirements
achieved with this sensor are summarized
in Table 1.

Electrical and mechanical
performance

Raster stability was accomplished using
temperature-compensation circuit tech-
niques while maintaining the specified total
power dissipation. Minimization of inter-
nal power dissipation is an important fac-
lor in preventing excessive thermat build-
up. Vidicon dynamic range is limited by
dark current, which approximately dou-
bles for every 10°C rise in temperature.
Closed-loop horizontal detlection circuits
normally employed to achieve this tight
stability would typically consume much
higher power levels. Raster stability is
achieved by careful attention to detlec-
tion-circuit design, tube-potting techniques,
mechanical contiguration, materials used,
and magnetic shiclding employed to at-
tenuate eftects of the earth’s field or other
ambient magnetic-field sources.

Shading caused by vidicon target non-
uniformity and beam-landing errors is an-
other important factor to be considered.
Video-shading components limit the dy-
namic range of automatic contrast con-
trol circuits under conditions of high dark
current or high haze pedestals where long-
range. low-contrast target tracking is re-
quired. A shading criteria of 15 percent
over the entire image surface is very strin-
gent but can be achieved with proper vid-
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Fig. 2. The dual function of the miniaturized TV sensor is illustrated in this block diagram
of the TADS/PNVS system. The TV sensor serves as either a FLIR electro-optical multi-
plexer or as a day TV sensor in the TADS system.

icon selection and beam-landing error cor-
rection. Dynamic focus correction, using
horizontal and vertical parabolic correc-
tion on the focus electrode. resulted in
corner resolution in excess of 500
TVL/RH and shading within 15 percent
for the silicon C23262 B/H tube.

A unigue hyvbnid preamplifier located
in close proximity to the vidicon target.
shown 1n Fig. 3. was developed. and 1t
resulted in outstanding performance. This
close proximity to the vidicon target min-
imizes input capacitance and enables de-
coupling of the mesh lead. brought from
the front of the tube. at the preamplifier.
This results in a video signal that is free
of pickup and detlection-ringing. and an
equivalent input noise current of 6 nano-

amperes (nA). This noise performance,
coupled with tube selection providing
500-nA operation (silicon). results in a
better than 30 dB signal-to-noise ratio
with a high Modulation Transier Func-
tion (MTF) response.

The MTF of the muluplexer can be
boosted by using an aperture-corrector
circuit that provides a controtled amph-
tude response as a tunction of frequency
with linear phase characteristic. The hin-
ear phase characteristic is necessary 1o
prevent distortion in the wideband video
signal. Figure 4 shows the MTF of a typi-
cal FLIR, the aperture-corrected response
of the electro-optical multiplexer. and the
resulting overall MTF of the coupled system.

Assuming that the aforementioned elec-

Table |. Electrical and mechanical requirements.

Power consumption

Weight

Center of gravity
Aperture-corrected MTF
Target current (silicon)
Geometric distortion

Image format

Shading

Noise with aperture correction
Raster stability @ 25°C + 25°C
Scan rate

Operating temperature
Microphonics

Video output

Blemishes

6.5 W

<l kg with £ 1% control
Controlled within £ 1.3 mm
95% @ 400 TLV/RH

500 nA nominal, 600 nA peak
<2%

12.8 X 9.6 mm

<15%

<16 nA rms

=1 TVL in center

875/60

—32°C 10 +55°C

<125nA @ 5g10 2,000 Hz
0.5 V differential into 62 () @ Imv/nA

Tube-selection dependent

RCA Engineer o 27-3 ¢ May/June 1982



trical and mechanical design criteria have
been considered, the ultimate perfor-
mance of the sensor as a long-range day
TV or as a FLIR electro-optical multi-
plexer in regard to video tracking of low-
contrast targets is highly dependent on
the imaging device performance.

Parameters such as shading, resolution,
dark current, microphonics. geometric fi-
delity and spectral sensitivity are all im-
portant, but they are generally controlled
by a specific design and vidicon selection.
Another highly important criterion that
limits system performance is fixed-pattern
noise. Vidicon manufacturers employ state-
of-the-art manufacturing techniques in sil-
icon bulk-material growth and target fab-
rication to control the size and number of
blemishes, but a very stringent require-
ment for video-tracking applications results
in a low-yield device. This is generally
accomplished with silicon targets by care-
ful selection from a high-volume produc-
tion line. Antimony trisulfide surfaces are
made by a deposition process on the vid-
icon faceplate, and they generally exhibit
fewer and smaller blemishes.

The choice of vidicon target material is
dependent on the system use. Silicon is
the usual choice for daylight TV cameras
because of the extended near-IR response
cnabling operation in the 0.7- o 1.1-
micrometer spectral region for optimum
atmospheric transmission and also because
of silicon’s immunity to solar burn. Anti-
mony trisulfide vidicons are commonly
employed for electro-optical multiplexer
use with FLIRS because the dielectric lag
reduces an interference pattern resulting
from the instantaneous coincidence of the
readout beam and the LED image.

A typically very stringent blemish re-
quirement for a silicon target vidicon is
given in Table Il where zone | is a raster-
centered circle with a diameter equal to
one-half of the raster height within which
most of the target-tracking performance
is required. Zone 2 is a concentric circle
with a diameter equal to the raster height,
and zone 3 is the remaining area.

Environmental

Extensive environmental testing was con-
" ducted on the TV sensor, related to use in
a flight vehicle. Environmental test results
are listed in Table II1. A prime feature of
the TV sensor is the low microphonic
performance achieved by use of a highly
ruggedized ceramic vidicon employing a
target bonded to the faceplate. This tube
has survived shock levels in excess of 250

Fig. 3. A unique hybrid preamplifier located in close proximity to the vidicon target was
developed. This device exhibits excellent noise performance and immunity to external
noise sources.
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Fig. 4. The effect of aperture correction on the modulation transfer characteristic of the
multiplexer is shown by the upper curve. When this response is coupled with that from
the FLIR, an improved overall response is achieved as shown by the broken curve.

Arlan: A high-performance TV camera for target-acquisition and laser-designator systems
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Fig. 5. The measured Minimum Resolvable Conirast {(MRC) is shown as a function of
horizontal resolution. The data, plotted for various exposure levels, shows excellent low-
contrast performance well below the 10 2 level.
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g's. and no microphonics were reported
during the TADS/PNVS development-
phase tlight test.

Functional performance

The major performance parameters con-
tributing to the success of this TV sensor
as a viable target-acquisition-and-tracking
device are:

¢ Low microphonics:

o High MTF with linear-phase aperture
correction;

« High signal-to-noise ratio;

e Low shading and stringent blemish
criteria;

e Minimum size and weight,

» Low power dissipation; and

« Boresight stability.

The high image quality with the TV
sensor is apparent when a moderate con-
trast scene is displayed. The ultimate use-
fulness as a long-range daylight TV image
sensor, however, involves the Minimum
Resolvable Contrast (MRC), which is de-
fined as the image contrast needed to re-
solve a periodic bar chart (usually a three-
bar or four-bar chart). Silicon vidicons
are generally used for this application be-
cause the near-IR response enables opera-
tion in a spectral region with improved
almospheric transmission compared to the
visible region and also because these vid-
icons have a linear (unity gamma), wide-
dynamic-range transfer characteristic.
These characteristics provide good image
performance under low-contrast, high-back-
ground conditions that are controlled by
other than preamplifier noise.

The MRC for the silicon target TV
sensor is dependent upon the MTF and
various noise sources. The principal noise
sources are preamplifier noise, fixed-pat-
tern noise and quantum-photoelectron
noise. Preamplifier noise is usually the
dominant component in high-contrast ap-
plications but in low-contrast imaging the
complexity of the mechanisms involved
makes theoretical performance modeling
difficult. It is, therefore, important to de-
termine performance empirically.

The TV sensor has been measured, by
means of a beam splitter, 1o superposition
background and test charts with inde-
pendent sources of illumination to obtain
variable low-contrast images. with an ob-
server positioned at an optimum distance
from the display determining the resolv-
able contrast.

RCA Engineer o 27-3  May/June 1982




The measured image-plane MRC data
is presented in Figs. 5 and 6 for horizon-
tal and vertical bar orientations respec-
tively. with a 300-angstrom bandpass spec-
tral filter centered at approximately 8010
angstroms. These data were obtained with-
out aperture correction, which can pro-
vide additional vertical-bar MRC pertor-
mance. The slight bulge in the family
curves observed at slightly below MRC =
0.1 represents the presence of a low-level
fixed-pattern noise component in the target
structure that is exposure dependent. In
any case. excellent low-contrast perfor-
mance has been demonstrated down to
contrasts well below the 1072 level shown
on the graph.

The data in Figs. 5 and 6 are plotted
for various values of system {/# required
for a minimum scene exposure of 400
Im/m”. The radiometric calibration curve
is given in Fig. 7 and assumes a 5900-
Kelvin (K) black-body illumination with
a scene reflectivity E = 0.25.

Electrical design

A simplified functional diagram of the
TV sensor is shown in Fig. 8. Video from
the vidicon target is first amplified in a
low-noise transimpedance preamplifier hy-
brid. The signal is then fed. via the flex-
ible printed wiring circuit. to the video
board where the signal is aperture-cor-
rected, bandwith-limited and converted to
a differential drive output on a twisted.
shielded pair.

The control board contains all of the
vidicon-gun voltage filters and bleeder net-
works. Potentiometer controls are pro-
vided for adjustment of beam current
(G-1) and electrostatic focus (G-3). A dy-
namic focus signal, consisting of ad-
justable horizontal and vertical parabolic
waveforms, is generated on the focus
board and summed with the G-3 voltage
through a capacitor on the control board.
The focus board also contains a focus-
current regulator that feeds a focus coil in
the deflection assembly. The input differ-
ential horizontal and vertical drive signals
are converted to single-ended outputs for
use by the deflection and dynamic focus
circuits. The drive signals are also com-
bined to form the cathode-blanking signal
for the vidicon.

The deflection board contains the hori-
zontal and vertical deflection circuits that
drive the deflection assembly. Each deflec-
tion circuit also has a sweep-failure circuit
to protect the vidicon via the cathode sig-
nal in the event of loss of either sweep

waveform. Test points are available at the
external connector to provide for fault
isolation to a board or modulator assem-
bly for field maintenance.

Tube-yoke assembly

The tube-yoke assembly consists of a cus-
tom-designed precision magnetic-detlec-

o AF. 3-BAR CHART
© HORIZ. BARS (VERT. RES)
» TADS CAMERA
o 1-INCH CERAMIC I ¥i0ICON

tion-yoke assembly with a C23262BE cer-
amic vidicon in a RTV potted config-
uration. Potting of the tube within the
yoke assembly is accomplished with a pre-
cision fixture to maintain overall faceplate
perpendicularity to within + 8 arc-min-
utes. The potting technique also allows
for tube replacement and was designed
and verified for minimal vibration-induced
microphonics and high thermal stabiliry.
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Fig. 8. A simplified block diagram of the TV sensor shows the major elements of the
assembly and the functional interrelationship between them.

A mu-metal shield covers the entire tube-
yoke assembly within the aluminum hous-
ing to shield against electromagnetic in-
terference and to provide excellent bore-
sight stability within the earth’s magnetic
field at any attitude.

The yoke was designed with an inverted
technique using deflection coils on the
outside of the focus coils. This provides a
more uniform field, which has resulted in
a good beam-landing characteristic. As a
result, corner resolution is improved and
shading characteristics are far superior to
those previously achieved with printed-
circuit yokes. The horizontal deflection
coil was designed to minimize power and
to provide good linearity with a flyback-
type deflection circuit.

Video preamplifier hybrid

The complete preamplifier, shown in Fig.
3, is packaged on a circular ceramic sub-
strate and positioned directly over the
front faceplate of the tube. A rectangular
hole in the preamplifier allows imaging
onto the tube faceplate.
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The preamplifier circuit consists of a
low-noise transimpedance amplifier with
a 100-k() feedback resistor, a wideband
amplifier and a video-output buffer. A
transimpedance amplifier is used to pre-
sent a low-impedance load to the video
signal current. This eliminates the need
for peaking compensation and minimizes
noise pickup and parasitic oscillations. The
circuit and packing techniques have re-
sulted in a low-power design with noise
performance that approaches theoretical
values.

Video, deflection,
focus and control boards

The video signal from the preamplifier is
fed to the video board for partial process-
ing. The video board consists of a video-
processor hybrid, aperture corrector, band-
width filters and differential line drivers
as shown in Fig. 8. The aperture correc-
tor is not included in the video-processor
hybrid; therefore, the adjustments of fre-
quency and amplitude can be made or
disabled to fit the application. The band-

DIFFERENTIAL
4w VIDED
- 0UTPUT

L.

oc
VOLTAGE
INPUTS

TEST POINTS

FOCUS HYBRID

width filters provide a two-pole roll-off
with the noise bandwidth limited to 17
MHz at the -3 dB point.

The delay-line aperture corrector com-
pensates for vidicon spot size or optics
response by increasing the definition of
abrupt transitions in video tone, through
the introduction of controlled overshoots
and undershoots as previously described.

The deflection board has both the hori-
zontal and vertical deflection hybrids,
shown in Fig. 8, with associated compo-
nents to provide full beam deflection and
sweep-failure protection. The horizontal
hybrid consists of a high-efficiency reso-
nant flyback circuit with centering con-
trol. The vertical hybrid consists of a very
stable feedback-controlled linear deflection
circuit. As previously mentioned, thermal
stabilization through circuit compensation
resulted in an overall raster boresight sta-
bility of better than 1 TVL.

The focus board consists of two hybrid
circuits and peripheral adjustment parts.
One hybrid, shown in Fig. 8, generates a
composite signal for dynamic focus con-
sisting of individually adjustable horizon-
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tal and vertical parabolic waveforms. This
waveform is added to the quiescent de¢
focus voltage, which increases the focus
voltage as the beam position increases
from the tube raster’s center position. The
second hybrid contains a highly stable
2.5-V reference source internally used by
the focus-current regulator and also used
by the deflection circuits. This hybrid also
converts the differential input drive sig-
nals to single-ended outputs and provides
the cathode-blanking signal with sweep-
failure protection control.

The control board is a small printed
wiring board (PWB) containing filters,
shown in Fig. 8, for the filament, G-1, G-
2. G-3. The +550-V filtered output is then
sent to the preamplifier for local filtering
prior to application to the vidicon mesh
(G-4). Controls are provided for G-1 and
G-3 voltages. The +550 V is also applied
to a bleeder network, which provides the
G-3 focus voltage. In this manner, the G-
3 and G+4 voltage track each other so
that focus is optimized for small changes
in the +550 VDC supply.

Mechanical design

The TV camera comprises four plug-in
printed-circuit modules, a ceramic vidicon
tube, a microelectronic preamplifier, a
magnetic-deflection-yoke assembly and
flexible wiring interconnections packaged
within a two-piece structure plus a branch
cable with two connectors. Fig. 9 shows
the assembly with cover removed so that
the four PC boards are exposed. The front
of the camera—which contains the tube
yoke, and preamplifier assembly—is ma-
chined from aluminum and has a nomi-
nal barrel outside diameter of 55 mm, a
total length of 152 mm and a height of 86
mm. Behind the tube-yoke assembly is
the flexible circuit termination/interwiring
board area shown in Fig. 10 and below
that are mounted the four plug-in modules.
Most chassis wiring is accomplished by
means of the flexible printed circuitry,
shown in Fig 11, attached to the PC-
module connectors before installation. A
seven-conductor branch of flexible circuit
is mounted in the machined recess in the
bottom of the barrel and provides the
electrical connections to the microelec-
tronic preamplifier as shown in Fig. 3.

Preamplifier

Figure 3 shows a closeup of the front of
the camera with the electromagnetic inter-

Fig. 9. This view of the TV sensor, with a cover removed, reveals the plug-in board
assemblies. A dense packaging was achieved while providing a high degree of
maintainability.

Fig. 10. In this view, the plug-in boards are removed to reveal the flexible printed wiring
that interconnects the board connectors and wires from the tube/yoke assembly.
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ference (EMI) screw-on shield removed.
The preamp contains all microelectronics
on a l-mm-thick ceramic substrate with
many of the resistors, and so on, depos-
ited directly. The two short insulated wire
connections from the tube target and G4
can be seen attached to terminals. Behind
the preamp is a 0.13-mm thick, plated
copper ground plate that con-

nects to two of the hybrid cans and also
the preamp circuit ground.

The ceramic substrate is much stronger
in compression than in tension. For this
reason, small teflon (cushion) washers
(0.076-mm thick) are mounted under the
ceramic where it mounts to the yoke, and
under the head of the screw that holds
down the top surface of the ceramic sub-
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Fig. 11. Most of the chassis wiring is accomplished by a flexible printed wiring assembly.
The flexible wiring is assembled with connectors prior to installation in the chassis.

Fig. 12. Most of the TV sensor circuits are contained within six custom-designed hybrid
microcircuits. Three of these rugged packages are shown with covers removed.
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strate. The screws are also torqued down
to eliminate over-stressing at assembly.
There have been no problems or refine-
ments required of this design as a result
of the environmental tests conducted.

Printed circuit modules

The four PC modules use 1.2-mm thick
by 50-mm wide glass epoxy boards and
contain both microelectronic (hybrid) pack-
ages and discrete parts. An Airborne™
20-pin male PC connector mounts on one
end of the module and plugs into the
female chassis-mounted connector (Fig. 10).

Each module is a different length due
to optimum circuit-layout requirements
and the need to use available space as
efficiently as possible. The ends of the
modules opposite the connector all lie in
the same plane and are sandwiched to-
gether with two screws plus spacers that
secure the boards to the chassis structure.
The connector on the other end of the
module provides sufficient restraint so that
additional extraneous supports (and thus
extra weight) are not required.

Chassis/cover assembly

Figures | and 10 show how the triangular
cover is assembled to the chassis. This
design provides optimum accessibility be-
cause, by removing just four cover-mount-
ing screws, all trim pots are accessible and
the PC modules can be easily removed
for servicing. When the four cover screws
are securely tightened, the compression of
the RTV *“formed-in-place gasket™ will be
approximately 20 percent. This design has
proven adequate for sealing against
moisture.

Hybrid design

Most of the TV-sensor-assembly electronic
circuits have been constructed using cus-
tom-designed hybrid microcircuits. When
compared with alternative circuit-fabrica-
tion methods that use discrete parts and
cased integrated circuits mounted and sol-
der-connected on printed-circuit boards,
this approach has reduced the size and
weight, lowered volume production costs,
simplified system-assembly and increased
the reliability.

There are six different types of thick-
film hybrids used in the camera system.
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Fig. 13. A similar TV sensor that features a buiit-in power supply and improved produci-
bility has been developed for the U.S. Navy Seafire Program. This camera is capable of
performing under high levels of shock and severe EMI conditions.

All are hermetically sealed in the same-
style, rugged, platform package shown in
Fig. 12 except for the preamplifier pre-
viously shown in Fig. 3. Because the cir-
cuits were designed and partitioned under
disciplines sensitive to production costs,
all six hybrids are being manufactured to
the same sequence of well-documented pro-
cess operations and controls. The hybrids
meet the screening requirements of MIL-
STD-883A, Method 5004, for Class-B
devices.

Three representative hybrids used in the
camera system (“Interface & Focus,” “Dy-
namic Focus™ and *Vertical™) are shown
in Fig. 12 at a stage of assembly up to the
point of sealing the covers. The 25 X 25
mm substrates, with thick-film resistors
and metallization, are solder-mounted to
the platform base.

Some processing highlights relative to
the standard RCA manufacture of these
hybrid microcircuits are:

1. Eutectic solder-chip mounting of all

transistors and diodes to gold-plated
moylbdenum tabs

2. Solder mounting of chip-tab assem-
blies and chip capacitors

3. Approved epoxy mounting of inte-
grated circuit chips (no current passage
in backside of silicon chip)

4. Ultrasonic gold-ball bonding of wires
with automatic wire bonding for
production.

The first-generation electro-optical mul-
tiplexer developed for the U.S. Army Night
Vision Laboratory formed the basis for a
low-power, miniaturized, high-perfor-
mance TV sensor. The TADS/PNVS sen-
sors improved the previous design and
showed better airborne performance, meet-
ing all size, weight and environmental re-
quirements. RCA has also developed a
similar TV sensor, for the U.S. Navy Sea-
fire Program, that features built-in power
supply, improved producibility, a high de-
gree of maintainability, and is capable of

Arlan: A high-performance TV camera for target-acquisition and laser-designator systems
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the same high performance under extreme
EMI conditions. This unit is shown in
Fig. 13.
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P.P. Webb |R.J. Mcintyre

Recent developments
in silicon avalanche photodiodes

Improvements in silicon avalanche photodiode performance are
summarized, with an eye toward electro-optic system

applications.

Abstract: Recent developments in silicon
avalanche photodiodes (APDs). of poien-
tial interest 10 the eleciro-opiic sysiem
designer. are reviewed. These develop-
mentis include:

o Devices with enhanced wliraviolet
response (quantum cfficiency (Q.F.)
greater than 80 percent at 4000
angsiroms).

e Devices with enhanced infrared response
(Q.E. up 10 50 percent ar 1:06 um);

o Low-noise APDs (effective k value
reduced from 0.02 10 0.006);

Faster devices (for optical communica-
tions at greaier than | Gbit/s):

Linear and nvo-dimensional arrayvs of
APDs (dead space reduced 10 0.003
inch): and

APDs designed for single-photon count-
ing (single-photon-counting efficiencies
of 50 percent ar a gain of | 0°, bur with
some remaining problems).

Thc reach-through avalanche photodiode
(RAPD) pioneered by RCA'™ has found
wide_use throughout the world in many
electro-optic systems, particularly for op-
tical rangefinding. optical communications.
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optical recording. point-of-sale equipment,
and so on, This paper reviews recent
developments in avalanche photodiodes
that should make them prime candidates
for many other applications, some of
which may not have been possible
previously,

Devices with extended
spectral response

One advantage of the RAPD structure is
that it can be made with a high quantum

efficiency for wavelengths ranging from
the near ultraviolet to bevond one micron.
Recently, devices with enhanced respon-
sivity at both the short- and long-wave-
length limits have been developed.

Ultraviolet-enhanced diodes

Since most applications of APDs are in
the wavelength range of 0.8 gm to 1.06 um.
standard production diodes have an anti-
reflection (A/R) coating that minimizes
the reflective losses in this range. With
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Fig. 1. Quantum efficiency of an ultraviolet-enhanced APD compared with a standard
APD (optimized for 900 nm) and a standard photocathode having an S-20 photoresponse.
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Fig. 2. Improving IR response. (a) Structure of APD with “dimpled" top surface to improve
IR response. (b) Quantum efficiencies of APDs beyond 1 um. Curve 1: standard, or plane
surface diode; Curve 2: dimpled 1-mm-diameter diode; Curve 3: dimpled 3-mm diode.

these devices, the reflective losses in the
blue and the near ubtraviolet can be quite
high. Additional losses also oceur in stan-
dard devices by recombination of the photo-
generated electrons at the surface or in
the heavily diffused p+ laver before they
are collected and multiplied.

By changing the impurity distribution
in the p+ layer to minimize recombina-
tion, and by optimizing the A/R coating
for shorter wavelengths, it is possible to
make RAPDs with quantum efficiencies
greater than 80 percent at any desired
wavelength from about 0.40 um to
0.95 um. Figure 1 shows the spectral
response of a blue-enhanced APD. Also
shown for comparison is the spectral re-
sponse ol our standard device and that of
a photomultiplier tube (PMT) with an
S-20 response. Blue-enhanced APDs are
well-suited for use in scintillation count-
ing. low-light-level spectroscopy, and
other applications,

Infrared-enhanced diodes

Although standard RAPDs have an active
region up to 110-pm thick. the response
starts to falt oft” at wavelengths beyond
about 0.95 um where the silicon becomes
more and more transparent. At 106 gm.
for example, the absorption coefficient of

siticon is only about 13 em™ so that the
average photon travels about 700 um in
silicon before being absorbed. Although,
in the standard device, a reflective coating
on the back-side ensures that a photon
must traverse the active region twice be-

fore escaping. the achievable quantum ef-
ficiency with this structure is only about
20 percent.

Recently. this number has been roughly
doubled by configuring the top surface of
the diode (Fig. 2a) so most of the light
that makes it back to the top surtace
without being absorbed will strike it at an
angle greater than the critical angle and
be reflected back into the active region,
often at a large angle. To escape without
being absorbed. a photon must then make
it all the way out to the edge of the active
region. Thus. this approach is even more
cffective for large diodes than for smalt
ones, In Fig. 2b. the measured quantum
ctticiency of I-mm and 3-mm diameter
“dimpled™ diodes is compared with that
of standard devices.

Another approach to extending the
quantum efficiency at long wavelengths.
usetut in optical communications or other
applications requiring only a small sensi-
tive arca. is iltustrated in Fig. 3a. In this
approach. the light enters the diode paral-
fet 1o the depletion laver instead of per-
pendicular to it and could be absorbed at
any point atong the whole length of the
diode (2 mm in the case illustrated). The
spectral response of this device is shown
in Fig. 3b,

The effective quantum: efficiency with
this approach is poor for wavelengths less
than | gm. because electrons generated
by light absorbed between the light en-
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Fig. 3. Edge-entry diodes. (a) Schematic of edge-entry diode coupled to an optical fiber.
(b) Quantum efficiency of edge-entry diode at three different temperatures. Curves are
calculated; points are measured at room temperature.
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Fig. 4. Excess noise factor. Calculated and measured values of the excess noise factor F
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trance edge and the high-field region do
not get multiplied: nevertheless, Q.E.s as
high as 50 percent can be obtained at 1.06
pm. Another advantage is that the quan-
tum cfticiencey at 1.06 gm varies only by
about 15 percent over the temperature
range —40°C to +71°C. Special fiber-
pigtail packages are being developed for
use with this device and with other diodes
requiring close coupling to an optical fiber.

“Lo-K" APDs

An ideal photodetector., if it existed. would

have the following characteristics:

o A quantum-efficiency of unity. that is,
cach incident photon generates exactly
one primary electron;

“Noiscless™ high multiplication. that is.
cach primary photoclectron then gets
multiplied by the same larger factor to
give a pulse well above the noise level of
any other circuitry:

Instantancous response so that cach
pulse is a delta function in time. coinci-
dent with (or uniformly delaved from)
the arrival time of the signal photon:
and

o No dark current.

l'or most high-frequency applications.
a silicon API) comes close to being an
ideal detector in all aspects except the
second: its usable gain is limited and the
multiplication process is a noisy one. As a
result. the multiplied noise-in-signal s
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greater than it would be with a noiseless
multiplier by an excess noise factor £
given by

F=kM+(—kh@Q—1/M) ()
where M is the gain and & is an effective
ratio of the ionization coetticients of holes
and clectrons.* ® Typical values of & are
= (.01 10 0.04 for silicon APDs and 0.5
to 1 tor most other materials.

For those applications requiring high
gain. a lower & would obviously be advan-
tageous. One way of reducing & is to fab-
ricate diodes with a lower value of the
electric field (and theretore higher voltage)
in the avalanche region. Conradi. er al.”
showed that using our present p-type dose.
but varying diffusion times to vary }4
(the vohtage in the avalanche region). there
was a one-to-one trade-off between & and
V4 given by AV, = 2.3. Our present stan-
dard line of APDs has & =0.02 and V, =
120 volts,

Recently. optimization studies have
shown that it should be possible to reduce
the £V 4 product by a factor of 2 or more.
provided the impurity concentration in
the avalanche region can be introduced in
an ideal tashion. Aithough the “ideal™
impurity profile is not casy to achieve
experimentally. diodes have been fabri-
cated which approximate its main features.
As expected. the AV, product has been
reduced considerably. Diodes with an cf-
fective & value of 0.006 have been tabri-
cated with V4, =200 volts in a wide deple-
tion-layer device and =160 volts in a thin
device. giving a A4 product of from | 1o

1.2. Figure 4 shows the measured and
theoretical excess noise factors as a func-
tion of gain.

One can show that in applications re-
quiring high gain. the optical power re-
quired to give a desired signal-to-noise
ratio is proportional to k'%. Thus, a reduc-
tion of & from 0.02 1o 0.006 should im-
prove the detectivity by a factor of up to
1.8. Another advantage is that the gain is
a less sensitive function of the doping
nonuniformity, so that higher average
gains can be expected in “lo-A devices.

Faster APDs

The RAPD structure is well-suited to
high-bit-rate optical communications be-
cause, being fully depleted. virtually alt of
the photo-generated carriers are collected
quickly. In most other structures at least
a portion of the signal can be absorbed in
the substrate material bevond the deple-
tion layer and the carriers collected by
diffusion only, giving a fong tail following
an initial fast response. This long tail can
play havoc with the bit-error rate.

In the RAPD structure, the speed of
response is determined by a combination
of two components: the carrier transit
time. and the muitiplication time. Since
the latter sets a maximum gain-bandwidth
product of about 400 GHz. it is rarcly a
limit except at very high gains. At most
practical gain levels in silicon RAPDs
(<200) the response time is determined by
the transit time only.

RCA’s fastest production APD. the
C30902E. has been optimized for optical
communications at 0.83 um and has an
impulse response function with a full width
at half maximum (FWHM) of about 600
ps. useful for data rates up to about |

Fig. 5. Pulse response of a “Lo-k" APD
designed for high speed. The FWHM is
330 ps when measured using the 900-nm
source having a FWHM pulsewidth of 80
ps. The diode should be slightly faster at
530 nm.
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Gbit/s. The device could be speeded up.
by reducing the depletion laver width w
below its present 30 um, but at the cost of
reducing the quantum efficiency. For
optical communications through space at
shorter wavelengths (such as using a dou-
bled sttrium-aluminum-gamet (YAG) laser
at 0.532 um) the Q.E. does not sutter by
reducing the depletion-layer thickness.
Figure 5 shows the pulse response mea-
sured on a “lo-A" APD in which w is less
than 15 um. As is evident, the FWHM
has been reduced o about 330 ps.

Multi-element APDs

In general. the desirable features for a
uselul multi-clement APD would include
the following:

o high gain:

e low noise:

o low or zero dead region between
clements:

o low clement-to-element cross talk: and

o high clement-to-clement isolation.

As will be seen in subsequent discussion,
depending on the approach used in fabri-
cating the array. certain conditions can be
met. but always at the expense of one or
more other factors.

The standard reach-through avalanche
photodiode is fabricated with a high-fickd
region. in which the avalanche multiphea-
tion occurs, surrounded by a low-field pin
region. This can be seen in Fig. 2. where
the n-laver overlaps the p-region. Thus.
the problem of edge breakdown due to
high surtace lields or junction curvature is
avoided. Fields in the interior of the diode
are typically as high as 3.3 X 10* volts/cm.
whereas fields in the surrounding pin re-
gion are lower by about an order of mag-
nitude or so. In principle. a multi-element
array can be made this way. but spacing
of the multiplying regions would necessar-
ily be very great if each element is to be
surrounded by a pin region to avoid the
edge-breakdown problem.

An alernative approach is one in which
a single multiplying junction is used. and
the p+ surface opposite the junction is
separated into the desired array pattern
by appropriate masking techniques. This

method is shown in Fig. 6. Isolation of

the elements is achieved when sufticient
bias voltage is applied to fully deplete the
device. The most desirable feature of this
technigue is that no decrease of gain oc-
curs in the transition regions. and a
smooth transition of signal occurs in going
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Fig. 6. RAPD quadrant, with elements divided on p+ side and a single common multiply-
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Fig. 7. N+ and avalanche doping patterns on linear APD array with elements divided on
n+ side of junction. Center-to-center spacing is 300 um.

from one clement to the next. Moreover.
high gains can be achieved casily. A prob-
lem arises. however. due to the uncertain
nature of the oxide-silicon interface at the
crossover region. Normal ovide growth
will cause an inversion layer in this area
due 1o the high resistivity p-ty pe substrate.
This inversion layer can give rise to high
noise and erratic behavior as any clec-
trons generated are swept directly into the
multi-plying region.

In an attempt to overcome this prob-
lem. a very lightly doped p-layer was intro-
duced 1o avoid the inversion problem.
Although this technique stabilizes the ar-
ray and reduces or eliminates injection
from the transition-region oxide-silicon in-
terface. the process also results in poor
isolation between elements—ty pically
about 10 k() to 20 kQ—sceverely limiting
the amplifier design if' unacceptable elec-

Webb/Mcintyre: Recent developments in silicon avalanche photodiodes

trical cross talk and noise is to be avoided.

In yet another approach to the multi-
clement array. separate n-regions are al-
lowed to approach each other ygry closely
to reduce the width of the low-gain region
between clements. There are certain con-
ditions in which close spacing of the cle-
ments is possible. without resulting in edge
breahdown. Under these conditions. cach
clement is “guarded™ by its neighboring
clements. while the outside of the array is
guarded by a pin region or a non-
multiplyving guard-ring. A portion of such
an array is shown in Fig. 7. The close
spacing of the elements causes the field to
remain relativels high in the transition
region between clements, thus minimizing
the width of the low-gain region between
clements.

The fabrication of such a device is made
possible by the use of a selt-atigning tech-
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MULTIELEMENT APD ARRAY

/—PASSIVATION
xﬂ' .3
i

T N N S

e !

,‘x'\ PDIFEUSION '

»
m

LIGHT ENTRY

Fig. 8. Schematic of doping profiles of p-ty,

pe and n-type impurities diffused through the

same self-aligning mask. Diffusion depth for p-type impurities is sufficient so that diffusion

fronts from adjacent elements overlap.

nique for the introduction of the required
diffusion sources. A combination of oxide
and photoresist masking is used to “self-
align™ boron and phosphorus sources in
the central area of the array. while allow-
ing onhy phosphorus in the peripheral or
guard-ring regions. Thus, the multiplyving
area is surrounded by low-field regions.
Figure 8 shows the relative depths of pene-
tration of the #- and p-type diftusions.
IFor the n-type dittusion, the line shows
the junction depth. that is, the depth at
which the acceptor and donor concentra-
tions are equal. In order to maintain ele-
ment-to-element isolation, this depth must

be less than halt the width of the masking
passivation stripe (of width w’).

The line denoting the depth of penetra-
tion of the p-dittusion is (arbitrarily) taken
as the depth at which the diftused-p con-
centration is equal to the bulk-p concen-
tration. This is typically 20 um to 25 pm.
which is considerably greater than w’'.
Thus, the p-type diffusions from adjacent
clements overlap. as shown. Provided the
concentrations, diffusion depths, and the
width w’ are chosen appropriately, the
desired APD profiles can be achieved with-
out having the clectric field exceed the
breakdown field in the transition region.
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Fig. 9. Responsivity as a function of position for two adjacent elements in diode linear

array. “Dead” width (distance between 50-percent points) is 85 um.

100

Note that in operation, the diftused p
region is completely depleted.

Experiments with a lincar array, in
which w'—the width of the passivating
stripe between elements—was chosen as
14 um, vielded inter-electrode resistances
of the order of 10M£) or more at normal
operating bias voltages. Average gains of
up to about 100 were achieved casily. The
design of the device results in a region of
low gain between elements, the width of
which is dependent to some extent on the
parameters of the fabrication process. For
the process conditions used. Fig. 9 shows
a plot of the signal in the transition region
between two elements that were connected
together. As noted for the diodes operat-
ing at a gain of about 100, the width of
the region at the half-gain points is about
85 um. Similar results were obtained for
other arravs, and other values of gain
between 20 and 100,

Detecting single photons
with APDs

It cooled sufficiently, the dark current of
an APD goces essentially to zero. The volt-
age can then be raised above the break-
down voltage without the APD breaking
down because there are no clectrons or
holes around to initiate the avatanche. In
this state. an avalanche can be triggered
by a single photon. Moreover. the break-
down current will quickly quench itselt*
provided the recharging current is limited
to about 100 uA or less during the break-
down pulse. Thus, there exists the possi-
bility of a single-photon-counting detector
with high sensitivity, low-noise (all elec-
trons multiphed equally), and with a high
counting-rate capability. Such a device has
been under investigation for the past few
years.

Even when the voltage is above the
breakdown voltage, not every electron will
trigger an avalanche.” " Some clectrons
manage to cross the junction with no ioniz-
ing collisions; others start chains of jon-
izations that happen to peter out before
they really get going. (1Us like throwing a
match in a fireplace. Not every match
starts the fire.) The probability that the
clectron does initiate a breakdown pulse
(the breakdown probability Py) is in fact
zero at the breakdown voltage and in-
creases at higher voltages. gradually ap-
proaching unity when the maximum celee-
tric field in the avalanche region (Eyy)
exceeds the field required for breakdown
(Ep) by an adequate amount.
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Fig. 10. Calculated single-photon break-
down probability. The probability is given
as a function of how much the maximum
field exceeds that required for breakdown.

Figure 10 shows the calculated depend-
ence of Pron £y — Egtor diodes in which
k equals 0.02 and 0.005. Obviously. *Lo-
k devices are 10 be preferred for this
application,

Figure 11 shows the probability P(m)
of an electron experiencing a gain m in
one of our standard APDs (k = 0.02) in
three cases: right at the breakdown vol-
tage (Ey = Ep). and at voltages above
and below the breakdown voltage suffi-
cient for Ey to be greater or less than Eg
by 1000 V/em (about 0.3 percent). For
the case Eyy = Eg —1000. the average gain
M = <m>is about 400. As can be seen.
the vast majority of electrons experience a
gain much less than 400: it is only because
a few clectrons experience a gain much
higher than 400 that the average gain is as

LOG,, P (m)

high as it is. Tt is casy to see why the
excess noise factor. which is equal 1o
<m™> / <m>7. is high. When Ey = Es.
the only significant change is that the tail
of the probability distribution now goes
oft to infinity. At Eyy = Ep + 1000. the
distribution is similar to the case for Ey
= Ey —1000. except that it s roughly 15
percent lower. That 15 percent represents
the clectrons that were successful in ini-
tiating a true breakdown pulse (that is. Py
= 0.15). The “gamn™ for these pulses is
determined by the charge required to re-
duce the diode voltage to the breakdown
voltage (i fact. to slightly below the break-
down voltage. due 1o inductance effects).
and is given roughly by (F — V) C/q.
where Cis the sum of the diode and stray
capacitances. Tvpical gain values are in
the 10" 10 10” range.

Unfortunately, there is a tly in the oint-
ment. Experimentally. although a photon
is detected with a probability in good
agreement with the curves shown in Fig.
10. one often gets not only one but two
or more pulses. with the additional pulses
occurring at times ranging from micro-se-
conds to kiloseconds after the first pulse
and with the probability of re-ignition
varyving roughly as 1/7 from the initial
pulse. The number of additional pulses
increases with ¥V — Vg until a critical vol-
tage is reached at which the pulse rate
gets very large even with no illumination,

While the mechanism of this phenom-
enon is not entirely understood. it is be-
lieved to oceur as illustrated in Fig. 12. A
photon is initially absorbed in the drift
region (Fig. 12a) and swept into the ava-
lanche region where a breakdown occurs,
creating something like 10* or 10* elec-

tron-hole pairs (Fig. 12b). Also created.
with low cfficiency. is a light pulse con-
sisting of roughly 107 photons per clec-
tron. Some of these photons (Fig. 12¢)
have energies greater than the bandgap
and are re-absorbed in the diode. thus
creating new electron-hole pairs. Most of
these are collected immediately (ensuring
that the whole diode breaks down. and
not just one localized region). But a few
(about 1 in 10%) are trapped (Fig. 12d).
only to be released sometime later, de-
pending on the depth of the trap. It is
these trapped and re-emitted clectrons
which are thought to be responsible for
the false pulses. The critical voliage is that
voltage at which the diode gain is ade-
quate to make the overall feedback effi-
ciency greater than unity.

Although the device can be used in its
present state with single-photon-detection
efficiencies of up to 50 percent. particu-
larly for applications where gating can be
used to eliminate or reduce the talse count
rate. the false counts certainly limit the
auractiveness of the device for general
applications. Work is continuing to find
ways of climinating. reducing or circum-
venting this undesirable feedback effect.

Conclusions

As the rapidly expanding field of electro-
optics continues to grow. the variety of
applications for which the silicon RAPD
is the most suitable detector will also in-
crease. and devices optimized for different
applications will be required. In this paper
we have tried to summarize some of the
solutions found to date for other people's
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Fig. 11. Probability P,(m) that a single electron will experience
a gain m for a diode with k = 0.02. (a) £,, = E; — 1000 V/cm;

average gain = 400. (b) £y, = Ex (c) Ey, = Ex+ 1000 V/cm. Fig. 12. Schematic showing possible model for false-pulse generation.
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problems, with the hope that they might
also be useful for vours.
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Engineering News and Highlights

Decker is Director of ATL

Dr. C. David Decker has been appointed
Director of the Advanced Technology Lab-
oratories of RCA’'s Government Systems
Division. He is responsible for all activities
of the organization, which develops tech-
nologies in computer systems, applied phys-
ics, solid-state circuits, electro-optics, sig-
nal processing, and systems development.

Prior to joining RCA, Dr. Decker was Re-
search Manager of GTE Laboratories’ Ad-
vance Technology Laboratory in Waltham,
Massachusetts. He initiated and supervised
basic and applied research programs in
non-linear optics, intelligent robotics, ap-
plied mathematics and statistics, laser chem-
istry, organic chemistry, biochemical con-
trol mechanisms, polymer science, and elec-
tro-magnetic phenomena.

From 1973 to 1979, Dr. Decker was em-
ployed by GTE Sylvania’'s Electro-Optics
Organization (EOO) in Mt. View, California.
As Research and Development Depart-
ment Manager, Dr. Decker was respon-
sible for research and development efforts
leading to new products and systems for
government and commercial markets. He
initiated and managed GTE Syivania's high-
power ultraviolet excimer laser business.
Dr. Decker also was program manager for
several tunable-laser and nonlinear-optics
contracts.

Dr. Decker received his bachelor's de-
gree, cum laude, in physics from Wabash
College in 1967, and his master's degree in
applied physics from Harvard University in

Decker

1969. Dr. Decker received his doctorate
degree in electrical engineering from Rice
University in 1974. From September 1969
to June 1971, Dr. Decker served as a lieu-
tenant in the U.S. Army, first as a physicist
at Edgewood Arsenal, Maryland, later in
Vietnam as a communications officer and
battery commander with the 52nd Artiliery
Group. His military decorations include the
Bronze Star and Army Commendation
Medals.

Dr. Decker is a member of Phi Beta Kap-
pa, IEEE, Optical Society of America, Amer-
ican Physical Society, and Sigma Xi. From
1973 through 1978, he published nine re-
search papers in American Physical Society
and IEEE research journals.

Former Engineer editor
joins Service Company

Appointment of John C. Phillips as Man-
ager of Business Development Planning
was announced by Philip J. Martin, Div-
ision Vice-President, Business Develop-
ment and Strategic Planning, RCA Service
Company.

Mr. Phillips is responsible for developing
ways to communicate new business con-
cepts and features to prospective custom-
ers through proposals and presentations.
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He will also be working with all levels of
Service Company management on internal
business plans, presentations, and com-
munications.

Prior to the appointment, Mr. Phillips was
Manager of Marketing Communications and
Administration for RCA Automated Sys-
tems, Burlington, Massachusetts, since Oc-
tober 1978. Mr. Phillips started his career
with RCA in 1962 at the Astro-Electronics
Division. In 1967, he was promoted to RCA’'s
Corporate Staff to work on the RCA Engi-
neer. He became Editor of the RCA Engi-
neerin 1974.

Staff announcements

Commercial Communications
Systems Division

Dennis J. Woywood, Division Vice-Presi-
dent, Broadcast Video Systems, announces
the appointment of Dr. Robert Hopkins as
Managing Director, RCA Jersey Ltd.

Consumer Electronics

Jack K. Sauter, Group Vice-President, an-
nounces the appointment of D. Joseph Don-
ahue, Division Vice-President and General
Manager, Consumer Electronics Division.

D. Joseph Donahue, Division Vice-Presi-
dent and General Manager, Consumer Elec-
tronics Division, announces his organiza-
tion as follows: William E. Boss, Division
Vice-President, Distributor and Commercial
Relations; David |. Brenner, Division Vice-
President, Finance; James E. Carnes, Div-
ision Vice-President, Engineering; Keith U.
Clary, Division Vice-President, Industrial Re-
lations; David E. Daly, Division Vice-Presi-
dent, Product Planning and Industrial De-
sign; Frances V. McCann, Division Vice-
President, Public Affairs; Charles A. Quinn,
Division Vice-President, Materials and Fa-
cilities; Leonard J. Schneider, Division
Vice-President, Manufacturing; James R.
Smith, Division Vice-President, Product As-
surance; Arnold T. Valencia, President, RCA
Distributing Corporation; and Arnold T. Va-
lencia, President, RCA Sales Corporation.

Peter C. Hill, Manager, Ferrite Operations,
announces the organization of Ferrite Opera-
tions as folows: Wolfgang M. Binder, Man-
ager, Process Engineering; Robert D. Cun-
ningham, Manager, Ferrite Quality Control;
Don Roberts, Superintendent, Manufactur-
ing and Test Operations; William L. Vroom,
Manager, Ferrite Engineering; and William
C. Zenor, Manager, Plant Maintenance.
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Corporate Engineering

William C. Hittinger, Executive Vice-Presi-
dent, announces the appointment of George
A. Kiessling, Director, Product Safety. Mr.
Kiessling will report to Howard Rosenthal,
Staff Vice-President, Engineering.

Solid State Division

Larry J. French, Division Vice-President,
Solid State Technology Center, announces

his orgarization as follows: Philip K. Baltzer,
Head, LS| Systems; Ronald C. Bracken, Di-
rector, Computer-Aided Design and Pho-
tomask Operations; John M. Herman HI,
Director, IC Design & Process Development;
and David S. Jacobson, Director, Custom
LSI Products.

Ronald Bracken, Director, Computer-Aided-
Design and Photomask Operations, an-
nounces his organization as follows: Henry
S. Miiller, Manager, CAD Operations; Wal-
ter F. Lawrence, Manager, Photomask Tech-
nology and Operations; and Lawrence M.

Rosenberg, Manager, Design Automation.

David S. Jacobson, Directcr, Custom LS|,
announces the appointment of William J.
Paicius, Manager, Quality and Reliability
Assurance.

Technical excellence

Automated Systems Technrical

The Burlington Technical Excellence Com-
mittee has selected for awards G.R. Edgar,
Member Technical Staff, and C.F.
Matthews, Senior Engineering Scientist,
Technical Staff.

Individual award for software
development for Fighting
Vehicle System vehicle

Glenn Edgar contributed to improved
means of program development on the Simu-
lated Test Equipment (STE) projects through
creative and innovative work, which he in-
dependently developed in response to com-
plex technical problems. Glenn was as-
signed to develop the special tests for the
Fighting Vehicle System (FVS) vehicle.
Glenn'’s first contribution was the invention
of a set of macro instructions, similar in
many cases to standard measurement and
control constructs of the STE application
programming language. These macro in-
structions generate code that resides in
the measurement processing unit of the
STE test sets, and therefore the instructions
execute at an order of magnitude faster than
conventional DFL code. Nearly all of the
special tests for the FVS applications pro-
grams were coded using this macro code.
In addition to the macro language, Glenn
also conceived and implemented a pair of
measurement constructs, LOGICHECK and
CASE, which have revolutionized the test-
ing and diagnostic capabilities of the STE-
M1/FVS test system. Glenn was presented
with the problem of making multiple mea-
surements on different vehicie test points,
many of them digital logic signal levels.
Conventional measurement of one signal
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Excellence Achievements

I

Automated Systems Technical Excellence: From left to right, D.M. Priestiey, Chief Engi-
neer; A.T. Hospodor, Vice-President and General Manager, Automated Systems; Glenn R.
Edgar; and R.T. Cowley, Manager, Vehicle Test Systems Engineering.

at a time required expansive flowchart repre-
sentation and memory. Glenn developed
two new “measurement” constructs that
were added to the DFL software system.
The benefits to RCA from both of these
software developments have been consid-
erable. First, Glenn was able to produce all
of the special test code for FVS without
programming assistance, which is es-
timated to have saved 12 man months of
coding and validation. Second, the docu-
mentation for this code is easy to prepare
and understand, making maintenance of
this code far easier than conventional as-
sembly-language coding. Third, these soft-
ware innovations have already saved com-
puter memory through more e“ficient use of

code and constructs. The saving to date
on FVS is at least 20 kbytes of memory.
Fourth, the constructs have made possible
the expansion of diagnostics on the FVS
program far beyond that previously con-
sidered practical.

Individual award for
tactical information functional
flow analysis

Fred Matthews achieved outstanding tech-
nical results in the systems-analysis work
that he carried out on a study contract for
the Air Force. Fred was responsible for the
day-to-day technical direction on the pro-
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Automated Systems Technical Excellence: From left to right, D.M. Priestley, Chief Engi-
neer; Mrs. Matthews; A.T. Hospodor, Vice-President and General Manager, Automated

Systems; C.F. Matthews; and E.M. Stockton.

gram. The functional analysis that he per-
formed required:

¢ An extensive understanding of similari-
ties and differences in Air Force organi-
zations, regulations and procedures in
Europe and the Pacific, and for the Tac-
tical Air Command/Rapid Deployment
Forces;

¢ Judicious application of the Functional
Flow Diagrams and Description {F2D?)
top-down analysis methodology; and

¢ Use of operational analysis skills and log-
ic to fill the data gaps, resolve differ-

ences, and determine the logical flow of
information and procedures.

Particularly outstanding was Mr.
Matthews' generation of tables and figures
that facilitated the understanding of the text
material in the report. Also, he personally
wrote most of the final report volumes.

In addition to the RCA recognition of the
technical excellence of this accomplish-
ment, letters of commendation were sent
by several of the Air Force Commands
using the study results, including RADC
Griffiss AFB, TAC Headquarters Langley
Field and USAF Eui- pe.

GCS team receives Technical Excellence Award

A

“

GCS team (left to right): Glenn D. Adair, James Y. Higashi, Allen L. Starr, Debra Hamilton,

Mark L. Grande, Clement C. Montgomery, Rebecca Paladino, George D. DeRosa, and
Fredric Moeller. Ms. Paladino is the Unit Manager of the group that won the award.

The Government Communications Systems
Technical Excellence Committee has made
a team award to the group responsible for
the software development phase of the Inte-
grated Radio Room Trainer Program. The
members of this team are:

Glenn D. Adair
George D. DeRosa
Mark L. Grande
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Debra Hamilton

James Y. Higashi
Fredric Moeller
Clement C. Montgomery
Allen L. Starr

During the extremely tight but contractu-
ally required 13-month development cycle,
the team conceived a common design for
convenient flexibility and control of both

Trainers, developed a general purpose soft-
ware architecture for supporting classroom
training, and designed a syntax language
through which the instructor can define the
simulator stimuli and required trainee
responses. Over 12,000 lines of code were
written and no software trouble reports
were written during the customer’s final
acceptance testing.

GCS gives Technical
Excellence Award

The Government Communications Systems
has made an award to Don Comninos of
Systems Engineering for his outstanding
achievement in the total system design of
the Integrated Radio Room (IRR) opera-
tional trainer and the maintenance trainer.
These equipments are used to train line
Naval personnel in the operation and main-
tenance of the IRR system and are ex-
tremely cost effective in that the training
hardware cost less than 10 percent of the
operational equipment.

One of the major contributions Don pro-
vided to the maintenance trainer was to
develop a scheme to train in test-equip-
ment use with simulated probes, simulated
test points, and software-simulated oscil-
loscope waveforms. Several innovative CAl
{(computer-aided-instruction) features were
developed by Don to enhance the trainer's
scope and utility. This was RCA’s first con-
tract with this customer and since the cus-
tomer is extremely pleased with the results,
we not only enhanced our image, but can
now qualify as a bidder for further
procurements.

Professional activities

Astle, Staras, and
Woodward named Fellows
of Technical Staff

Appointment of Brian Astle, Harold Staras,
and Oakley M. Woodward as Fellows of
the Technical Staff has been announced
by William M. Webster, Vice-President of
RCA Laboratories, in Princeton. In nam-
ing the new Fellows, Dr. Webster said that
the designation is comparable to the same
titte used in universities and technical
societies. It is given by RCA in recognition
of a record of sustained technical contribu-
tions in the past and in anticipation of con-
tinuing technical contributions.

A native of England, Mr. Astle received a
B.A. degree in physics, with honors, in 1960.
and an M.A. degree in 1964, both from
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Astle

Cambridge University. He has also taken
postgraduate work at Oxford and Purdue
Universities. Mr. Astle worked for RCA in
indianapalis, from 1967-1970. He returned
to RCA in 1974 as a member of the techni-
cal staff in the Advanced Systems Research
Laboratory. in 1978 he received an RCA
Laboratories Outstanding Achievement
Award for his contributions to the automatic
set-up part of the RCA TK-47 broadcast
camera.

Dr. Staras, a native of New York City,
received a B.S. degree in 1944 from the
City College of New York, an M.S. degree
in 1948 from New York University, and a
Ph.D. degree in 1955 from the University of
Maryland, all in physics. After joining RCA
Laboratories in 1955, Dr. Staras was en-
gaged in research primarily in radio wave

Staras

propagation through many different media.
Later, as head of the radio systems research
group from 1967 to 1973, he directed devel-
opment of several automobile electronic sys-
tems, including a collision avoidance radar.
Since 1973, Dr. Staras has been a staff
scientist engaged in system analysis and
planning of satellite communication sys-
tems. Dr. Staras was a Guggenheim fellow
in 1961-1962 studying radio communica-
tions appropriate for developing countries.
He is a member of the Consultative Com-
mittee on International Radio, the Interna-
tional Radio Scientific Union and the FCC
advisory committee on direct broadcast
satellites.

Mr. Woodward, a native of Cavis, Okla-
homa, received a B.S. degree in electrical
engineering in 1938 from the University of

Thirty-seven scientists honored at RCA Labs

Dr. William M. Webster, Vice-President,
RCA Lakoratories, Princeton, announced
that thirty-seven scientists have received
RCA Laboratories Outstanding Achievement
Awards for contributions to electronics re-
search and engineering during 1981. Re-
cipients of individual awards are:

Hammam A, Elabd, for contributions to the
science and technology of Schottky-barrier
infrared detectors that have led to the de-
velopment of high-performance infrared
CCD imagers.

Karl F. Etzold, for the development of inter-
ferometric techniques that allow direct
measurement of VideoDisc cutterhead
motions.

Edward C. Fox, for significant contributions
to the design of the TR-800 Broadcast
Video Tape Recorder.

Allan A. Guida, for contributions to the op-
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timization of traffic capacity in multicarrier
satellite transponders.

Karl G. Hernqvist, for the development of a
method of prevention and recovery of
blocked apertures in color kinescopes.

Stuart S. Perlman, for the development of a
mathematical model and computer program
to calculate the overall transient response
of a color TV system from light image input
to light image output.

Recipients of team awards are:

Stanley Bloom, Eric F. Hockings, and Don-
ald J. Tamutus, for contributions to the inven-
tion and development of electron-optic de-
signs leading to a high-transm:ssion focus
mask for color picture tubes.

Francis J. Campbell and Norman D.
Winarsky, for contributions to the develop-
ment of comprehensive techniques for the

Woodward

Oklahoma. He joined the RCA Manufactur-
ing Co. in 1941 and transferred to RCA
Laboratories in Princeton the following year,
where he worked primarily on antenna re-
search and development. In 1961, Mr. Wood-
ward transferred to RCA Missile and Sur-
face Radar in Moorestown. He returned to
RCA Laboratories in 1977 as a member of
the Consumer Electronics Research Labo-
ratory. Mr. Woodward has received six RCA
Outstanding Achievement Awards for his
deveiopment of various types of antennas.
He has authored or co-authored 17 tech-
nical papers and has been issued 38 U.S.
patents. He is a life member of the institute
of Electrical and Electronics Engineers and
a member of IEEE groups on antennas and
propagation and on microwave theory and
techniques.

computer modeling of television deflection
systems.

Pabitra Datta, Richard W. Nosker, Richard
Williams, and Chih Chun Wang, for contri-
butions leading to environmentally stable
VideoDisc surfaces.

Louis A. DiMarco, Victor S. Dunn, Mo-
hamed E. Labib, and J. Roy Nelson, for
contributions in optimizing the structure and
chemistry of carbon black used in
VideoDiscs.

Robert A. Dischert, Warren H. Moles, Glenn
A. Reitmeier, and James M. Walter, for con-
tributions leading to the establishment of a
world-wide standard sampling rate for dig-
ital-television processing distribution.

Robert M. Evans, Stanley P. Knight, Ger-
ald E. Theriault, and Albert F. Young, for
contributions to the development of a novel
TV tuner.

107




Ralph C.J. Ferrara, Richard M. Peterson,
Anthony D. Robbi, and Joseph O. Sinniger,
for contributions to the development of an
effective system for electronic control of
four-cylinder-engines.

Lawrence A. Goodman and Lubomir L. Jas-
trzebski, for contributions in analyzing the
origin of process-induced defects in silicon
power devices and integrated circuits and
developing methods to minimize their ef-
fects on device performance and yield.

Paul Hashfield and Ansley W. Jessup, Jr.,
for their contributions to techniques for de-
tection and diagnosis of communications
networks.

Edward J. Holub and Pierre Valembois, for
contributions in improving VideoDisc sty-
lus micromachining.

Cardinal named
Montre:al IEEE Chairman

Rene E. Cardinal, Engineering Specialist
with the Elexctro-Optics Photodetectors De-
partment, Siolid State Division, Ste. Anne-
de-Bellevue, Quebec, was recently elected
Chairman of the Montreal Section of IEEE

for 1982-83. The Montreal section com-
prises approximately 1900 engineers and
11 professional groups. Mr. Cardinal has
been a very active member of the IEEE in
the Montreal area for years, previously hav-
ing held the offices of Chairman, Joint Pro-
fessional Group on Microwave Theory and
Techniques/Antennas and Propagation;
and Secretary, Treasurer, and Vice-Chair-
man of the Montreal section.

IEEE Energy Committee briefs
Senate staff on photovoltaics

David Redfield of RCA's David Sarnoff Lab-
oratory in Princeton helped the IEEE Energy
Committee brief Senate staff members for
hearings on the Department of Energy's
photovoltaics program. Three other |IEEE
members participated in the briefing, which
was put together by William G. Herrold,
IEEE Energy Committee Secretary, under
the guidance of the Committee Chairman,
John A. Casazza. Redfield gave an over-
view of photovoltaics technology, described
a photovoltaic power system, and dis-
cussed the trade-off between the cost and
efficiency of solar cells.

International Conference
on Consumer Electronics
organized

Several RCA employees are key organiz-
ers of the International Conference on Con-
sumer Electronics being held June 9 - 11,
1982 at Arlington, lllinois. At RCA Consum-
er Electronics, Eugene Lemke, Conference
Chairman, James E. Carnes, Program Chair-
man, Kenneth Barr, Publicity and Promo-
tion, and Bernie Greenstein are active. From
the Solid State Division, Steven Chapman,
Treasurer, and Robert Dawson are contrib-
uting. At RCA Laboratories, scientists Dal-
ton Pritchard and Michael D. Ross are help-
ing to organize sessions for the conference.

Licensed Engineer

Charles F. Smollin, RCA Laboratories, Prince-
ton, recently earned a New Jersey Profes-
sional Engineer’s License. He also holds
an Indiana P.E. license.
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Editorial Representatives

Contact your Editorial Representative at the TACNET
numbers listed here to schedule technical papers
and announce your professional activities.
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Commercial Communications TACNET

Systems Division (CCSD)

Broadcast Systems

*Bill Sepich Camden, New Jersey 222-2156
Krishna Praba Gibbsboro, New Jersey 222-3605
Andrew Billie Meadowlands, Pennsylvania 228-6231

Cablevision Systems

*John Ovnick Van Nuys, California 534-3011

Consumer Electronics (CE)

*Clyde Hoyt Indianapolis, Indiana 422-5208
Francis Holt Indianapolis, Indiana 422-5217
Chuck Limberg Indianapolis, indiana 422-5117
Don Willis Indianapolis, Indiana 422-5883
Byron Taylor Indianapolis, Indiana 426-3247

Government Systems Division (GSD)

Advanced Technology Laboratories

*Merle Pietz Camden, New Jersey 222-2161
Ed Master Camden, New Jersey 222-2731

Astro-Electronics

*Frank Yannotti Princeton, New Jersey 229-2544
Carol Klarmann Princeton, New Jersey 229-2919

Automated Systems

*Paul Seeley Burlington. Massachusetts 326-3095
Dale Sherman Burlington, Massachusetts 326-2985

Government Communications Systems

*Dan Tannenbaum Camden, New Jersey 222-3081
Harry Ketcham Camden, New Jersey 222-3913

GSD Staf

*Ed Moore Cherry Hill, New Jersey 222-5833

Missile and Surface Radar

*Don Higgs Moorestown, New Jersey 224-2836
Jack Friedman Moorestown, New Jersey 224-2112
Graham Boose Moorestown, New Jersey 224-3680

National Broadcasting Company (NBC)

*Bob Mausler New York, New York 324-4385

Patent Operations
Joseph Tripoli Princeton, New Jersey 226-2992

Picture Tube Division (PTD)

*Ed Madenford Lancaster, Pennsylvania 227-3657
Nick Meena Circleville, Ohio 432-1228
Jack Nubani Scranton, Pennsylvania 329-1499
J.R. Reece Marion, Indiana 427-5566

RCA Communications TACNET

American Communications

*Murray Rosenthal
Carolyn Powell

Global Communications
*Dorothy Unger

Princeton, New Jersey 258-4192
Princeton, New Jersey 258-4194

New York, New York 323-7348

RCA Limited (Canada)

Bob Mcintyre Ste Anne de Bellevue 514-457-9000

RCA Records

*Greg Bogantz Indianapolis, Indiana 424-6141
RCA Service Company
*Joe Steoger Cherry Hill, New Jersey 222-5547
Ray MacWilliams Cherry Hill, New Jersey 222-5986
Dick Dombrosky Cherry Hill, New Jersey 222-4414
Research and Engineering
Corporate Engineering
*Hans Jenny Cherry Hill, New Jersey 222-4251
Laboratories
Eva Dukes Princeton, New Jersey 226-2882
“SelectaVision” VideoDisc Operations
*Nelson Crooks Indianapolis, Indiana 426-3164

Solid State Division (SSD)

*John Schoen Somerville, New Jersey 325-6467
Power Devices

Harold Ronan Mountaintop, Pennsylvania 327-1633

or 327-1827
Integrated Circuits

Dick Morey Palm Beach Gardens, Florida 722-1262

Sy Silverstein Somerville, New Jersey 325-6168

John Young Findlay, Ghio 425-1307
Electro-Optics and Power Devices

John Grosh Lancaster, Pennsylvania 227-2077
Solid State Technology Center

Judy Yeast Somerville, New Jersey 325-6248

*Technical Publications Administrators, responsible for review and approval
of papers and presentations, are indicated here with asterisks before their names.
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